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SUMMARY
The effects of acid precipitation and of soil pH on the 
formation of Vioea sitchensis mycorrhizas have been studied.
Discrepancies in soil pH found using different methods of 
measurement led to an investigation of soil pH methodology. Differences 
in soil preparatory technique and in the make of electrode used gave 
rise to significantly different pH measurements. A standardised and 
reproducible method of soil pH measurement was developed and is 
described.
Fungi were isolated from sheathing mycorrhizal roots. Methods 
of isolation were compared. A method is described giving an isolation 
success of 0 to 70% (average 30%) comparing favourably with literature 
methods.
Fungal isolates were used to synthesise mycorrhizas 
aseptically. Amanita rubesoens ((Pers.) Fr) S.F. Gray,
Laccaria amethystina (Bolt, ex Fr.) Berk, et Br., Laccaria Zaccata 
(Scop, ex Fr.) Cooke, TheZephora terrestris (Ehrh) Fr. and 
Cenococcwn geophiZum Fr. formed mycorrhizas in pure culture. Those of 
the latter three species are described.
Fungal isolates were used in pure culture linear growth 
experiments to establish the optimum pH for growth. A correlation 
between the pH for optimal growth and that of the soil of origin was 
observed for those fungi isolated from neutral soils. The incorporation 
of indicators into the agar as a quick and reliable method of substrate 
pH assessment was investigated.
Simulated acidified rainfall and mycorrhizal inoculation 
both had a significant effect on seedling growth in a greenhouse pot 
experiment. However, the soil effect was so strong that the former 
effects were masked.
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CHAPTER 1
LITERATURE REVIEW
1 Introduction
Normally, water in the atmosphere unaffected by air 
pollution is weakly acidic for it is in equilibrium with the carbon 
dioxide levels present in the air and forms a weak solution of 
carbonic acid with a pH of 5.7. This is regarded as the neutral 
point for atmospheric water (Barrett and Brodin, 1955). In the last 
three decades, however, much stronger acidities have been observed 
in precipitation (both rain and snow). This has attracted much 
attention in Scandinavia and more recently in North America, 
although evidence that the same phenomenon occurs in the United 
Kingdom has been available for some time (Gorham, 1957, 1958).
In both America and Scandinavia, reliable records of the 
pH of precipitation have only recently been kept. In Scandinavia, 
monitoring of pH began in the early 1950's with the initiation of the 
International Meteorological Institute (I.M.I.) atmospheric chemistry 
sampling network, and, in the U.S.A., records were first made early 
in the 1940's. Prior to 1940, although pH per se was not measured, 
precipitation could be proved indirectly to be less acid than at 
present. Methyl orange was often used to indicate acid or alkaline 
meteorological conditions and, significantly, no acidic reactions 
were recorded even in New York. As the transition range of methyl 
orange is 2.9 to 4.6, it can be assumed that precipitation had a 
higher pH (although the indicator itself is a weak acid and, used at 
a high enough concentration to show colour changes clearly, might 
mask the true pH of a weakly buffered solution like rainfall).
There is more indirect evidence that precipitation has 
increased in acidity over the years. Collison and Mensching (1932)in 
Geneva, New York, found relatively large amounts of bicarbonate (HCO^ ) ions 
in precipitation, and these ions do not coexist with stronger acids. 
Therefore the stronger acids found in todays rainfall are a recent 
phenomenon.
In 1974, Likens and Bormann recorded rain in the north­
eastern United States with a pH as low as 2.1 and they stated that 
precipitation in this area was more acidic than elsewhere in the 
U.S.A., with an annual mean pH of approximately 4.0. This agrees 
well with Nyborg's(1972) data which showed that rain near the 
heavily industrialised areas of America (for example, New York and 
the many large cities in the north east) had an average pH of 3.9 
to 4.3, whereas that of areas distant from industry (the southern 
states are cited) had a pH of 5.5 to 7.0.
Scandinavian precipitation studies have also shown recent 
increases in acidity. Dovland, Joranger and Semb (1976) showed that, 
in Norway, the southern coast received rainfall of greatest acidity, 
with an annual mean pH of 4.3., Granat.. (1972), in an extensive survey 
involving the correlation of data from all the I.M.I. sampling 
stations in both Western Europe and his native Sweden, showed that
the net amount of acid falling to the ground had increased since....
the I.M.I. network was established in 1955; his data are summarised 
in map form in Figure 1. Oden (1968) estimated that the concentration 
of hydrogen ions in some parts of Scandinavia had increased as much 
as two hundred times over the past thirty years and that acidity in 
precipitation over the whole of north-eastern Europe had also 
increased. Thus the increasing acidity of precipitation would seem 
to be a ubiquitous phenomenon in the western world.
FIGURE 1
Deposition of Net Acid Through Precipitation 
After Granat (1972)
Maps show the accumulated deposition during 
the years indicated
Values are in millimol. m year
/
1 9 5 5
16 1 9 7 0
The Scandinavian countries are particularly vulnerable 
to changes in the chemistry of their precipitation because of their 
climatic and geological characteristics. The western coast of Norway 
is mountainous, the land rising to heights of 1,500 m or more. ..The 
prevailing winds over Norway and Sweden are westerly. Thus, the 
heaviest precipitation occurs along the western coast of Norway 
where the cloud-bearing winds are forced over the high coastal 
lands. An average of 2,000 mm of precipitation per annum has been 
measured for the south-west coast of Norway (Norwegian Meteorological 
Institute, 1949) . The westerly winds tend to be heavily moisture­
laden having previously travelled over large expanses of ocean. This 
moisture is not unduly polluted and does not possess a particularly 
low pH, there being few intervening land masses or other sources of 
potential pollution en route. Although precipitation from these 
westerly winds is relatively unpolluted, it falls in such large 
amounts that the total acidity may be great and cannot be ignored.
South-westerly winds tend to pass over the southern coasts 
of Norway and Sweden first and thus have their greatest effects there. 
These winds have previously travelled over the large European and 
North African land masses and deposited much of their moisture 
already. However, they will have picked up a large amount of 
atmospheric; pollution from the heavily industrialised areas of 
Britain and Central Europe. Therefore, although there is less 
precipitation in southern Scandinavia than along the western coast 
line, its acidity is greater (the lowest mean pH values in Norway 
(pH’s 4.18 to 4.30) were recorded around Oslo Fjord on the south 
coast by Dovland et al, 1976). Bolin and Persson (1975) estimated 
that up to 30% of the atmospheric pollution in the south may be 
attributed to local sources.
A combination of all the above factors has caused 
widespread concern in the Scandinavian countries that acid 
precipitation is damaging the environment. Increasing emissions of 
sulphur dioxide from the combustion of fossil fuels in industrial 
Britain and central Europe were thought to be the main cause of 
acidification of precipitation, a suspicion fostered by the finding 
that, given the correct weather conditions, sulphur dioxide could 
travel over 1 , 0 0 0 km in the atmosphere before being washed out by 
precipitation (Likens and Bormann, 1974). In 1969, therefore,
Sweden brought the acid precipitation problem to the attention of 
the Organisation of Economic Co-operation and Development (O.E.C.D.) 
and in 1972 the O.E.C.D. launched the "Co-operative Technical 
Programme to measure Long-Range Transport of Air Pollutants” - the 
L.R.T.A.P. project.
In Norway, acid precipitation was seen as the probable 
cause of the increasing acidity of water courses in the south and 
the gradual disappearance of trout and salmon from lakes and rivers. 
It was also feared that acid precipitation might reduce forest growth 
through increased leaching of nutrient elements from the soil. Thus, 
in 1972, the Norwegian interdisciplinary research project "Acid 
Precipitation - effects on forest and fish" (the S.N.S.F. project) 
was set up. The objectives of this project were:
(1) To establish as precisely as possible the 
effects of acid precipitation on forest 
and on freshwater fish;
(2) To investigate the effects of air 
pollutants on soil, vegetation and water 
required to satisfy objective (1);
This project was later divided into two phases. Phase 1, 
a four year investigation (1972 to 1976) covered preliminary aspects 
of research (Research Report FR 6 , 1976, ed. F.H. Braekke) and 
Phase 2, (1976 to 1980) studied certain aspects of the acid 
precipitation problem in more depth (Research Report FR 19, 1980, ed. 
Overrein, Seip, Tollan).
The United Kingdom had been cited as one of the major 
industrial contributors to the Scandinavian acid precipitation 
problem. As the problem gained international prestige, the 
Central Electricity Generating Board (C.E.G.B.), responsible for 
burning large amounts of fossil fuel in this country, established 
a small team of workers in their Research Laboratories to investigate 
the effects of acid precipitation with the same objectives as the 
S.N.S.F. project.
The effects of acid precipitation on tree growth as 
studied by both Norwegian (Abrahamsen, Bjor, Horntvedt and Tveite, 
1976) and Swedish (Jonsson and Sundberg, 1972) workers have been 
contradictory and inconclusive. Both sets of workers have used 
tree-ring analyses to assess the effects of acid precipitation over 
the last six decades. Swedish workers have shown poorer growth 
during the last three decades in regions susceptible to acidification, 
i.e. regions with shallow or dry soil, poor vegetation or low timber 
yield. The Norwegian workers, on the other hand, in a more detailed 
survey, have shown no statistically valid effects of acid 
precipitation on diameter growth and have pointed out the low 
sensitivity of the method and the many variable factors involved. 
Incidentally, the Norwegian results agreed well with those of 
Cogbill (1975) who did not succeed in correlating acid precipitation 
with forest growth by tree ring analyses in eastern North America.
It can reasonably be assumed that a major effect of 
acid precipitation is in altering the leaching rates of essential 
nutrients within the soil, making them more or less available to 
the tree via the root system _ .ainL therefore indirectly affecting 
tree yield. In Norway and Sweden, the two tree genera of greatest 
economic importance are spruce {Picea) and pine CPinus) (see 
Chapter 1.3). It is widely known that mycorrhizas (symbiotic 
associations between certain fungi and the absorptive or "feeder" 
roots of a tree) are essential to the sustained growth of these 
two genera on the nutrient-poor soils found in Scandinavia.
Thus, in 1976, a three year joint research project was 
set up between the Central Electricity Research Laboratories 
(C.E.R.L.) at Leatherhead, and the University of Surrey to 
investigate one particular aspect of the acid precipitation problem. 
The aims of the research were to study the effects of acid 
precipitation, and of soil pH in general, on the growth and 
initiation of Sitka spruce (Picea sitchensis) mycorrhizas. Sitka 
spruce was chosen as the most suitable tree species for study 
because of its increasing economic importance in both Scandinavia 
and Great Britain and also because its mycorrhizas were already 
the subject of investigation at the University of Surrey. The 
results of the research form the basis of this thesis.
1.2 Sheathing Mycorrhizas
1.2.1 Nomenclature
Frank (1885) first used the term "mycorrhiza", meaning 
literally "fungus-root", to describe the morphologically distinct 
organ formed by the regular association between tree root and fungal 
mycelium. He classified mycorrhizas into two types, ecto- and 
endotrophic mycorrhizas (Frank, 1887). Ectotrophic mycorrhizas were 
characterised by possessing a sheath of fungal tissue enclosing the 
absorbing rootlets of the tree root system; rootlets had no root 
hairs and fungal hyphae growing into the root cortical tissue grew 
intercellularly. Endotrophic mycorrhizas, on the other hand, were 
described as having no external sheath, plentiful root hairs and 
fungal hyphae which commonly penetrated the cortical cells 
intracellularly. Mycorrhizas found exhibiting characteristics of both 
inter- and intracellular penetration were later termed 
ectendotrophic mycorrhizas (Melin, 1923).
Since this first practical classification of mycorrhizal 
types, many workers have sought to redefine the terms with greater 
accuracy.
Peyronel, Fassi, Fontana and Trappe (1969) for example, 
considering the suffix -trophic inappropriate, proposed the terms 
"ectomycorrhiza", "endomycorrhiza" and "ectendomycorrhiza" for the 
three types of mycorrhiza originally described.
Following evidence that a single fungal species could 
form different types of mycorrhiza depending on the tree host 
species (Mikola, 1965; Zak, 1974, 1976), Lewis (1973) proposed a 
new mycorrhizal classification. He divided mycorrhizas into four 
groups:- sheathing, vesicular - arbuscular, ericaceous and 
orchidaceous. Sheathing mycorrhizas were further divided into 
two types, facultative and obligate biotrophs, depending on their
degree of nutritional dependence on the tree host.
The majority of mycorrhizas in the mature forest root 
system possess fungal sheaths although the degree of cortical 
inter- or intracellular penetration by hyphae varies (of Chapter 1.2.2). 
Thus, the term ’sheathing mycorrhiza’ is more accurate in the forest 
situation and is adopted throughout this work.
1.2.2 Structure of a typical sheathing mycorrhiza
A typical sheathing mycorrhiza is shown in Figure 2 
and can be summarised as follows:
the whole organ is bounded by a layer of fungal 
pseudoparenchyma which varies in thickness from approximately 15 to 
40 ym. In the European Beech, (Fagus sylvatica) this sheath comprises 
20 to 30% of the total root volume and 35 to 45% of the total dry 
weight (Harley, 1969). The sheath is often clearly differentiated 
into two layers. The outer layer comprises large cells with 
thickened walls and few or no inter-hyphal spaces. The inner layer 
is more hyphal in structure, loosely packed, with thin cell-walls 
and wider inter-hyphal spaces. This two-layered effect can be 
further accentuated by pigmentation occurring in the outer layer 
(of Thomas, 1980). However, a well-diferentiated two-layered 
sheath should not be confused with the situation described by 
Hatch (1934) where the fungus Mycelium radicis atrovirens formed a 
secondary grey-black mantle over an existing hyaline mycorrhiza.
M. r. atrovirens is not itself a mycorrhizal fungus and on infection 
forms intracellular microsclerotia and rapidly results in seedling 
death (Richard, Fortin, and Fortin, 1971; Hatch, 1934).
The sheath may be externally smooth or ornamented with 
distinctly shaped cystidia or sphaerocysts (Seviour, Hamilton and 
Chilvers, 1978). It has hyphal connexions with the surrounding soil - 
these may vary from the characteristic individual radiating hyphae of
Figure 2
Transverse section of a beech (Fagus syVoai'tca) mycorrhiza
After Clowes (1951)
The shading shows endodermal cells filled with tannin
Cenococcum geoph'LVum (Hatch, 1934; Lihnell, 1942; Mikola, 1948a, 1948b) 
and Thetephora terrestris (Fassi and Fontana, 1966; Thomas, 1980) to 
rhizomorphs (Zak, 1971a; Larsen and Zak, 1978) and mycelial cords 
(Fassi and Fontana, 1966; Chilvers, 1968; Laiho, 1970; Thomas, 1980).
The inner layer of the sheath is connected with a 
network of hyphae running between the outer cortical cells - the Hartig 
net. This net usually extends into the first few layers of cortex 
cells, but in smaller roots, it extends deeper, even up to the 
endodermis. The endodermis is never penetrated as long as the 
mycorrhiza appears healthy.
Root cells surrounded by the Hartig net are often 
radially elongated in roots of large diameter but rarely in slender 
mycorrhizas.
Many sheathing mycorrhizas are characterised by a 
well-developed tannin layer occurring in the outer cortex and 
epidermal cells. This is thought to be formed by impregnation of the 
cell walls or accumulation of tanniniferous vacuoles in the cell 
cytoplasm (Marks and Foster, 1973). The function of the tannin 
layer is still controversial, but it does appear to limit fungal 
penetration of the cortex in some cases (Harley, 1969).
Intracellular penetration by hyphae in sheathing 
mycorrhizas, at first considered uncommon (Frank, 1887; Melin, 1923 
and others) is now found frequently (Harley, 1969; Thomas, 1980).
The root apex is invariably covered by the fungal 
sheath but here no penetration of the root tissue occurs (Harley,
1969).
1.2.3 Beneficial aspects of the mycorrhiza to the tree host 
Mineral Nutrition
The absorption and translocation of nutrients into host 
plants by mycorrhizal fungi has been the most intensively studied 
aspect of mycorrhizal function since it was first proposed by 
Frank in 1885. Hatch (1937) showed a disproportionate increase in 
N, P and K content, compared to dry weight, when mycorrhizal and 
non-mycorrhizal seedlings of THnus strobus were analysed (see 
Table 1). McComb (1938, 1943); Mitchell, Finn and Rosendahl (1937); 
Routien and Dawson (1943) and Trappe and Strand (1969) have all 
recorded disproportionate increases in P content when mycorrhizal 
and non-mycorrhizal seedlings were compared.
In all these cases, mycorrhizal seedlings also appeared 
healthier, taller, heavier and had greater numbers of short roots.
Mitchell et at (1937) showed that the addition of 
fertiliser can eliminate the mycorrhizal response in terms of 
increased seedling dry weight in nutrient deficient•soils.
Thus, increased nutrient uptake, particularly of phosphate, 
must be a major benefit of mycorrhiza development to the host plant 
conferring not only health and vigour but also competitive advantage 
in the forest situation.
Hatch (1937) suggested that increased nutrient uptake 
was attributable to two major causes:
A. Mycorrhiza formation increases the life of the root 
cortex through the action of the fungus in delaying suberisation 
of endodermis and cortical cells. Assuming that mycorrhizas are 
organs of water uptake, longevity will allow a greater volume of 
solution to be taken up from the soil per rootlet. This point was 
also emphasised by Theodorou and Bowen (1967) with respect to phosphate 
uptake.
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B. There is a physical increase in the absorptive surface 
area of a mycorrhiza as compared to a non-mycorrhizal root. The 
mycorrhiza has a fungal sheath as well as individual hyphae, and often 
mycelial cords, extending from the sheath into the soil. These hyphal 
elements often connect the mycorrhiza with an extensive mycelium 
in the surrounding soil.
Harley (1969) stated that the absorptive, assimilative and 
accumulative properties of a mycorrhiza are those of the fungal 
sheath. However, the external hyphae of the mycorrhizas can also 
absorb nutrients, thus fulfilling the role of the absent root hairs. 
Melin and Nilsson (1950, 1953) and Melin, Nilsson and Hacskaylo 
(1952) showed by using radioactively labelled compounds that the 
external mycelium of a mycorrhiza could absorb and translocate 
inorganic anions, cations and glutamic acid to host seedlings.
This connecting mycelium will not only increase the area of active 
absorption but will be able to utilise previously unavailable 
nutrients at some distance from the root itself and from areas 
inpenetrable to the thicker root hairs.
Mycelial cords are thought to act in a similar manner 
to individual hyphae. Skinner and Bowen (1974a)demonstrated the
3-
uptake and rapid translocation of orthophosphate,PO^ , to 
Pinus radiata mycorrhizas from soil by mycelial cords of 
Rhizopogon luteolus.
Harley and McCready (1950, 1952) have shown that phosphate 
can accumulate in the fungal sheath. In subsequent periods of 
phosphate deficiency this store can be remobilised and moved steadily 
into the host shoot. Non-mycorrhizal plants are unable to regulate 
their phosphate uptake in this way. Thus, the mycorrhiza confers 
another benefit on its host.
Mycorrhizal fungi are also thought to obtain nutrients 
not so readily available to the uninfected plant. Many workers 
have demonstrated uptake of poorly soluble mineral phosphates by 
mycorrhizal plants (Routien and Dawson, 1943; Stone, 1950; Theodorou 
and Bowen, 1967), but this is usually explained by excretion of acids 
by the mycorrhizal fungus. Rosendahl (1943) and Theodorou and Bowen
(1967) have also demonstrated this solubilisation of mineral phosphate 
by mycorrhizal fungi in pure culture.
Solubilisation of normally inaccessible soil elements 
may be an indirect effect of mycorrhizal development, however. 
Katznelson, Rouatt and Peterson (1962) noted substantially greater 
numbers of bacteria and actinomycetes in the rhizospheres of mycorrhizal 
roots than in those of non-mycorrhizal roots. These mycorrhizosphere 
micro-organisms may be responsible for the solubilisation or chemical 
transformation of elements thus making them available to the mycorrhiza. 
Root Protection
Zak (1964) expressed the view that: "improved nutrition 
alone is insufficient explanation for the demonstrated benefit of 
mycorrhizas in many areas". He suggested that the sheathing mycorrhiza 
protects the host root from pathogenic invasion in three ways:-
(a) the dense fungal sheath provides a mechanical barrier to 
infection. Marx (1970) demonstrated that this was indeed true for 
pine mycorrhizas against infection by Phytophthora evnnamomi;
(b) the fungal symbiont may secrete an antibiotic. Marx (1969) 
isolated a potent antibiotic from Leuoopaxillus cerealis var. 
pieeina effective against several soil bacteria and P. einnamomii
(c) the fungal symbiont may attract a protective rhizosphere population. 
Neal, Bollen and Zak (1964) showed that different mycorrhizas attract 
different populations of bacteria and fungi to their rhizospheres.
Microbial production of antibiotics in the rhizosphere 
has been demonstrated (Rambelli, 1973) but no positive protective 
function has yet been attributed to these compounds. Katznelson,
(1965), however, has shown that rhizosphere bacteria can limit the 
development of a pathogenic fungus of alfalfa by competing with the 
fungus for thiamine and nutrients, thus conferring some protection 
on the roots.
Zak (197/lb) also suggested that mycorrhizas may protect 
the host roots from phytotoxins.
Host Survival
Mycorrhizas may aid the host's survival by increasing 
resistance to adverse weather conditions. Studies by Cromer (1935), 
Harley (1940), Goss (1960), Lobanow (1960) and Theodorou and Bowen 
(1970) all indicate a greater drought resistance of mycorrhizal 
seedlings. Cromer (1935) and Harley (1940) also point out that 
infected seedlings are more frost-resistant.
Worley and Hacskaylo (1959) noted the increasing occurrence 
of black mycorrhizas with decreasing soil moisture level, thereby 
indicating a selective effect of soil moisture for mycorrhizal 
type. Theodorou and Bowen (1967) showed large differences between 
mycorrhizal fungi in their tolerance to low water potential in pure 
culture, substantiating this selective effect. Theodorou (1978), however, 
showed that several mycorrhizal fungi grow at water potentials lower than 
the .wilting point of plants, which could be advantageous to the 
host plant during a drought.
1.2.4 Fungi forming sheathing mycorrhizas
Under natural conditions, the mycorrhizal habit is the 
norm rather than the exception. Sheathing mycorrhizas are thought 
to be the dominant form in the forest habitat (Marks and Foster, 1973)
with many tree species being incapable of healthy growth without 
them (Meyer, 1973). It is therefore of considerable interest to 
know what species of fungi are involved.
Nearly two decades ago, Trappe (1962) listed over 
525 fungal species believed to be capable of forming sheathing 
mycorrhizas. The majority of these species belong to the 
Basidiomycetes - particularly to the families Amanitaceae,
Boletaceae, Cortinariaceae and Russulaceae. Several Gasteromycetes 
and a few Ascomycetes are also listed.
More recently, one particular fungus, the "E-strain" 
fungus^has been placed in the Endogonaceae, a family of the 
Phycomycetes. Walker (1979) proposed the name Complexipes moniliformis 
for this fungus, although the classification is still far from 
satisfactory (Thomas, 1980). The term "E-strain" fungus was first 
used by Mikola (1965) to describe the fungus forming sheathing 
mycorrhizas with a coarse intercellular net and extensive 
intracellular penetration of the cortex (ectendomycorrhizas) with 
nursery grown pine, but normal sheathing mycorrhizas with spruce.
The "E-strain" fungus is thoughtto exist as several strains (Wilcox,
1969) and has a world wide distribution. Although the "E-strain" 
fungus may be dominant mycorrhizal fungus in the nursery (Mikola, 1965;
Laiho, 1965), it is readily replaced on transplanting and in the 
nursery by other fungi (Mikola, 1965; Thomas and Jackson, 1979).
The imperfect Ascomycete, Cenoooceum geophilum is 
perhaps the most unspecific of all the mycorrhizal fungi of forest 
trees, having a wide tree host range (Trappe, 1962). This may be 
partly because its mycorrhizas are distinctive and easily recognised. 
They are dark in colour, have characteristic sheath structure and 
radiating hyphae (Mikola, 1948a, 1948b; Trappe, 1969).
However, most of the tree/fungus combinations in 
Trappe’s (1962) list are tenuous assumptions based on the consistent 
association of fungal sporophores with certain tree species. Some 
are based on pure culture synthesis of mycorrhizas but even these 
may not be irrefutable proof of association - the synthesised 
mycorrhizas may not occur in nature or they may occur infrequently 
and be of little significance in the forest (Zak, 1973). To synthesise 
a mycorrhiza in vitro, the fungal symbiont must be available in pure 
culture. To date, however, many fungi believed to form sheathing 
mycorrhizas have not been grown in pure culture. Examples are 
species of Russula - only one species of this genus has been cited 
in the literature; R. pseudodelica. (Iwamoto, 1962) - and Cortinarius 
in the Basidiomycetes (Harley, 1969) and many of the hypogeous Ascomycetes 
(Trappe, 1969). The difficulty with which these fungi are grown in 
pure culture may indicate their degree of obligate symbiotic dependence 
(Harley, 1969). Similarly, as Bowen (1965) indicated, mycorrhizal 
syntheses are often performed using fungal isolates obtained from 
sporocarps and not from natural mycorrhizas. This is because mycorrhizal 
fungal isolates are difficult to identify, there being so few detailed 
descriptions in the literature for comparison, whereas sporocarp 
identification is a well-established and documented technique. Such 
a difference may again produce unnatural mycorrhizas in vitro with 
little significance to the forest situation.
Zak (1973) estimates that Pseudotsuga menziesii bears 
over one hundred sheathing mycorrhizas on its roots. If this 
figure is multiplied by the number of sheathing mycorrhiza tree 
species in the world, an enormous figure results. Of these 
mycorrhizas, less than forty have been actually named and described 
(Thomas, 1980). The rest are unknown. Thus, our concept of the
sheathing mycorrhiza is based on only a very small fraction of 
the large numbers of naturally-occurring mycorrhizas. Further work 
in this field must result in a fuller understanding of the mycorrhizal 
habit.
1.3 Characteristics of the Spruce Forest and its Soil
Spruce plantations have one characteristic that is 
immediately obvious - a much denser canopy than the majority of 
conifer stands. The soil beneath a spruce stand is well-shaded and 
supports only a sparse ground-cover vegetation throughout the year. 
The extreme example is seen in Sitka spruce {Picea sitchensis) 
monocultures where the canopy is often so dense that the ground 
beneath is devoid of vegetation. This characteristic is important 
when considering the effects of rainfall on the spruce soil. Rain 
will pass through a single layer of vegetation only, the canopy, 
before reaching the soil, unlike the situation in other types of 
forest where rain may have to pass through several layers before 
reaching the ground. The presence of ground vegetation may also 
confuse results when discussing soil acidity. D. Scott (1974) 
showed that different ground-cover species induced local variation 
in soil acidity. Such species as sheep’s sorrel (Rumex acetoseVla) 
and the flatweeds (Crepis capillaris and Hypoehaeris radicata) 
increased the pH of the soil directly beneath them. Other species 
like sweet vernal grass (Anthoxanthum odoratwn) and browntop 
(Agrostis tenuis') decreased the pH of the soil compared with the pH 
of a control "bare" patch of the same soil. This potential source 
of error is ruled out in the Sitka spruce stand, making the effects 
of rainfall on the soil easier to interpret.
Bengt NihlgSrd (1970, 1971, 1972) made a highly detailed 
study of the characteristics of a Norway spruce (Picea dbies) stand 
compared with one of beech (Fagus syVoatica) on the same soil. This 
study was part of a Swedish investigation into the effects of planting 
spruce in soil previously supporting beech in their reforestation 
programme. Nihlgard's results can be used to illustrate the major 
characteristics of a spruce stand.
Spruce forest soil is, on average, 19% drier than that 
of beech, for the spruce canopy intercepts up to 40% of the incident 
rainfall annually, whereas beech intercepts only half this amount.
This is explained in terms of physical differences between the two 
species. Spruce has a denser canopy than beech and, as an evergreen, 
will intercept rain throughout the winter months when the majority 
of annual precipitation is expected. The interception of the 
deciduous beech will be virtually nil during these months. Spruce 
also has a longer period of transpiration than beech (Nihlgard, 1970) . 
The dryness of spruce soil as compared to that of beech could also 
be explained in terms of redistribution of water within the forest 
ecosystem for although the water contents of both spruce and beech 
forest systems may be similar, spruce holds a relatively greater 
amount of water in its plant biomass and beech a relatively greater 
amount in its soil (Nihlgard, 1972).
Another characteristic distinguishing spruce from other 
conifers is the morphology of its root system. Kalela (1949) noted 
that northern conifers, including spruce, have very dense root 
systems and that the majority of the roots are concentrated within, 
the uppermost humus layers of the soil. The horizontal root system 
of spruce is generally shallower than that of pine species. Mikola 
and Laiho (1962) studied the vertical distribution of short roots 
in ’typical* mature spruce soils and found that the short root 
density is greatest in the middle humus layer but decreases rapidly 
with increasing soil depth (see Table 2).
These data agree well with Kalela (1955) who stated that 
the density of short roots per decimetre long root is greatest in 
the humus and less in the mineral soil. Nihlgard (1972) also 
observed the bulk of short roots in the top 10 cm of spruce soil.
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As mycorrhizas are formed when suitable fungi infect these 
short or feeder roots (Harley, 1969; see also Chapter 1.2), it is 
safe to assume that the characteristic distribution of short roots 
seen above will accurately reflect the distribution of spruce 
mycorrhizas. This was indeed shown by Mikola and Laiho in the 
same study when they examined the distribution of several distinct 
mycorrhizal types.
It is known that the growth and vigour of a tree are 
dependent on the type of soil present. The reverse is also true, 
for the evolution of a particular soil is largely dependent on the 
type of vegetation it supports. Nihlgard (1971) showed that when 
spruce is planted on a fertile brown earth soil formerly occupied 
by beech, it has a strong acidifying effect on the soil causing 
the formation of an acid podsol within a period of approximately 
fifty years. (The major characteristics of a typical podsol and 
a typical brown earth soil are summarised in Figure 3) . The 
well-defined podsolising effect of spruce on the soil is probably 
due to the complex interaction of several processes. Nihlgard (1971), 
for example, noted that spruce soils have a more compact surface 
litter layer than beech soils. Spruce litter could be up to three 
times the weight of that of beech although of the same thickness. 
Spruce needles are particularly rich in organic acids, they have a 
low base content (Hesselman, 1926; Mattson and Karlson, 1944) and 
decaying needles tend to be strongly leached by precipitation. Thus, 
rain falling on spruce litter will leach out far more acid because 
of the greater density of material and higher acid content than it 
will from the same surface area of beech litter. The soil beneath 
spruce will consequently become more acid. Nihlgard (1971) also 
showed that acids in spruce soils are less bound to flocculated
Figure 3
Outline of the major differences between a typical 
podsol and a typical brown earth soil by 
comparison of the soil profiles
* rc\ r  F, - 
A oi > l
a 02(H)
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A2-
Podsol Soil 
(Characteristic 
of coniferous 
forests)
-Ai
Brown Earth Soil 
(Characteristic 
of deciduous 
forests)
For Horizon Key and Notes, see Overleaf
After Black, 1968
Figure 3 (Continued)
Horizon Key
. surface litter layer largely 
undecayed the formation of distinct
. organic layer completely 
■ ^ 2  decayed
layers in different stages of 
decomposition is characteristic 
of a MOR soil humus
Horizon in which decayed organic matter (humus)‘is mixed 
completely with the mineral soil. Has a pronounced crumb structure 
and high biological activity. Thick layer characteristic of a 
MULL soil.
A2 Pale-coloured leached layer. Lacks integrated crumb
structure. Characteristic of podsol soil.
B Weathered, mineral or brown earth horizon. Gradually merges 
with bedrock below. Low biological activity.
C Unweathered, parent bedrock. No biological•activity.
overleaf is not necessarily complete. It shows only major differences 
between the two soil types.
2. In a podsol soil, pH increases by 0.5 or more units down the 
soil profile.
NOTES:
1. Both A, B and C horizons can be further subdivided (Black
describes B^, and B^ horizons, for example) so that the diagram
In a brown earth soil, however, pH differs very slightly
(0 . 1 unit or less) down the profile.
colloids than they are in other soils, so will appear mostly in the 
soil water contributing more to the overall soil acidity.
Troedsson (1972), in support of Nilgard's (1971) work, 
has argued that the change from forest soils to podsols in southern 
Sweden and the associated decrease in site quality and forest yield 
is a direct consequence of increased and intensive planting of 
spruce (with its base-poor litter) in modern reforestation 
programmes.
Although the planting of spruce tends to accelerate the 
process of podsolisation, podsols can be formed naturally in areas 
that have never supported forest land. This is because vegetation 
and soil type tend towards an equilibrium or climax depending on two 
other factors - climate and composition of parent bedrock. In areas 
where the bedrock is naturally acidic, the developing top soil will 
also be low in bases. Sandstone soils tend to have characteristic 
podsol profiles for this reason, as do the large areas of heathland 
in north-west Europe growing on this bedrock. The natural acidity 
of the Scandinavian soils is exacerbated by the climatic conditions. 
The large amounts of annual precipitation there (of. Chapter 1.1) 
will increase soil leaching and thus aid the podsolisation process. 
Ross (1972) stated that it is the acid nature of the Swedish soil 
that accentuates the effects of acid rainfall, although he considered 
that it is a lack of alkalinity rather than a surfeit of acid in the 
soil that is the problem.
Although podsolisation processes may occur continuously 
in certain soils, other simultaneous processes may decrease the 
effects of acidification. Precipitation is enriched with a wide
range of substances before it reaches the soil of a spruce 
plantation (see Chapter 1.4.2), and continuous weathering of the 
parent bedrock can replenish the soil1 s pool of exchangeable ions 
(Abrahamsen et at, 1976), Such enrichment processes may partially 
modify the well-documented podsolisation effect of spruce.
Mikola and Laiho (1962) in their study of the distribution 
of short roots in spruce forest soils noted that different types 
of mycorrhizas occur in different soils and at varying depths 
within these soils. They identified mycorrhizas using Melin's (1923) 
broad classification (see Table 3). Young A mycorrhizas, for example, 
are concentrated in the upper humus whereas old and decaying A types 
are present mostly in the lower humus. The percentage of 
pseudomycorrhizas increases with depth. K mycorrhizas, constituting 
only a fraction of all short roots but very conspicuous because 
of their bright colour and thus easily observed, are found 
concentrated in the humus more distinctly than any other sheathing 
mycorrhizas observed. mycorrhizas are concentrated at the
very surface of the humus, perhaps because Cenoooccum geophiVum 
mycorrhizas are thought to be more drought resistant than other 
mycorrhizas and predominate in conditions of moisture variation 
(Worley and Hacskylo, 1959; Trappe, 1962).
Mikola and Laiho took their soil samples to a depth of 
only 7 cm into the mineral soil but Lobanow (1960) found spruce 
mycorrhizas to a depth of 1 to 1.5 metres below the soil surface 
and even down to 1.7 metres in sandy soil. Thus Mikola and Laiho*s 
data do not account for total numbers of mycorrhizas, although they 
estimate that more than 90% of all mycorrhizas are represented in 
the surface layers.
TABLE 3
A broad mycorrhizal classification based on gross 
morphological characteristics. After Melin (1923), modified 
for spruce by Mikola and Laiho (1962).
Mycorrhizal Type 
A
D
%
%
K
Pseudomycorrhiza
Description
Thick branched or unbranched mycorrhiza with a 
sheath and usually a smooth surface. Mycorrhizas 
are usually light coloured.
The tip of this type is similar to an A mycorrhiza 
but the base is more slender, dark and 
pseudomycorrhizal giving the whole a club-shaped 
appearance.
"Knollen" or nodule mycorrhiza. Not found in 
spruce.
Black mycorrhizas subdivided as follows:
Thick mycorrhizas with well-developed sheath 
and Hartig net. Coarse black hyphae run stiffly 
out from sheath into soil. The fungus is
Cenococcwn geophilion.
Thick mycorrhiza with smooth surface. Usually 
has a secondary sheath of some dark fungus, often 
Mycelium radicis atvoviYens.
Ectendomycorrhiza. Generally resembling A 
mycorrhizas but with vigorous intracellular 
growth as well.
Thin and pseudomycorrhizal-like. Thought to be 
formed by Rhizoctonia
Bright yellow mycorrhiza with profuse external 
mycelium and hyphal strands. The fungus is 
CoYticium bicoloY. Originally classified by 
Melin as an A type, but thought by Mikola (1962) 
to justify a separate category.
Includes slender brown or black short roots 
without a mantle and short roots with a shrunken 
cortex.
There has been little published information to date on 
the mycorrhizal associations of mature Sitka spruce and the identity 
of the fungal symbionts involved has been particularly poorly 
documented. Trappe (1962) lists the following species as forming 
mycorrhizas with Sitka spruce (Ricea sitchensis):
Amanita muscaria3 pantherina3 vaginata-
Boletellus zetleri
Boletus edulis
Cantharellus cibarius
Cenococoum geophilum
Cortinarius croceofolius3 deoolorans
Lacoaria laooata
Lactarivs ; deliciosus3 substriatus 
Russula delica3 emetica3 foetens3
nigricans3 vesicatoria3 xerampeUna 
Suillus piperatus 
Tricholoma imbricatum 
This list includes all claimed symbiotic associations, the majority 
being based upon the observation of regularly occurring sporocarps 
within the vicinity of a Sitka spruce stand. Levisohn (1965) 
identified five fungi as forming "true mycorrhizas" with Sitka 
spurce seedlings, namely, Suillus bovinus3 Rhizopogon lUteolus3 
Paxillus involutus3 Scleroderma aurantium and Cenococcum geophilum,- 
and two as forming "pseudonrycorrhizas". The latter two fungi were 
later regarded by Mikola (1965) as being formed by strains of the 
"E-strain" fungi (cf Chapter 1.2).
More recently,Alexander (1971, 1981) has aseptically
0
synthesised mycorrhizas of Sitka spruce using cultures of 
Cenococcum geophilum and Lactarius rufus. Thomas and Jackson (1979)
describe seven mycorrhizas of nursery-grown Sitka spruce. From these, 
four fungal symbionts were identified as Thetephora terrestris3 
Laccavia laccata and two culturally distinct "E-strain" fungi.
Sitka spruce, named after the small sea port Sitka in 
southern Alaska, has a natural range that extends down the western 
seaboard of North America, from mid-Alaska to California. In recent 
years, however, Sitka spruce has become an increasingly popular 
choice in major afforestation and reforestation programmes throughout 
the world. This is for many reasons; Nihlgard (1972), for example, 
estimates that approximately 60% of the total annual production of a 
spruce forest is concerned with stem production whereas in a beech 
forest of similar biomass and rate of production, 60% is concerned 
with leaf, flower and twig production. Spruce also produces a sound, 
white timber of low density and in countries like Norway and Sweden, 
reliant on timber as a major industry, the fast-growing spruce is of 
great economic value. In Norway, where approximately 70 million 
seedlings are transplanted from nursery to forest annually (Norway 
Forestry Research Institute, 1976 figures), 80% of the transplanted 
seedlings are spruce and 20% pine. Sitka spruce is planted almost 
exclusively along the west coast of Norway to replace low quality 
broadleaves, e.g. birch, that became established there after the 
original coniferous covering had been deforested by climate and 
overgrazing. The old broadleaf species could only be used in the paper 
pulp industry whereas spruce is far more merchantable.
Even in Great Britain, Sitka spruce is now the most widely 
planted species within the Forestry Commission programme (pers. comm. - 
Forestry Commission Site Studies Unit, 1979). It tends to be planted 
on wet soils, particularly those of western Britain, because of its 
ability to dry out the soil. Further, it grows upright despite severe 
exposure and is thus suited to coastal and moorland sites.
Further research into Sitka spruce mycorrhizas and their 
response to changing soil conditions therefore seems of particular 
importance at present, for only by an increase in knowledge can 
further advances in the species cultivation be made and the economic 
timber yields thus improved.
1.4 The Acid Rainfall Problem
1.4.1 The formation of acid rainfall
Sulphuric acid is considered to be the dominating factor 
in the acidification of precipitation, although the pH of precipitation 
is determined by the complex interaction of several compounds of 
different origin within the atmosphere. The relationship between 
a single compound and pH has been shown to have a very low correlation 
coefficient and the importance of considering a wide range of compounds 
when investigating acidification process has been stressed (Granat,
1972).
Sulphuric acid is the final oxidation product of all 
sulphur compounds in the atmosphere. These compounds enter the 
atmosphere in the following ways:-
(1) As hydrogen sulphide (^S) ^rom microbial decay in swamps 
(Junge, 1963) and intertidal flats (Eriksson, 1959) and from volcanic 
and other geothermal activity. Only a very small quantity of H^S 
is released as a by-product from industry. Robinson and Robbins
(1968) estimate biological production as 98 Tg* S year \  
accounting for approximately half of the total sulphur released into 
the atmosphere annually. This figure is contentious, however, with 
estimates varying from 280 Tg S year  ^ (Eriksson, 1960) to 2 Tg S year  ^
(Maroulis and Bandy, 1977) to balance the global sulphur budgets 
proposed by individual workers.
H^S is rapidly oxidised to SO^ by ozone in the atmosphere 
and its life-time in the air ranges from 2 hours in urban areas to 
2 days in rural areas (Robinson and Robbins, 1970).
*Tg = 10^ tonnes (after Brown, 1979)
2-
(2) As sulphate (SO^ ), from sea spray and volcanic 
activity. Sulphate derived from sea-water spray may account for 
more than 50% of the total sulphate falling in precipitation near 
coastal areas, whilst inland it may contribute less than 10% (Dovland, 
Joranger and Semb, 1976). Eriksson (1960) estimates that 44 Tg S year 
enter the atmosphere as sea spray although only 1 0% of this is 
deposited on land, the rest re-entering the ocean.
Sulphate exists as an aerosol in the atmosphere, that is, 
it is dispersed in particulate form (solid or liquid) within a 
gaseous medium (the air in this case). The aerosol particles are 
small, usually 0.15 ym or less in diameter (Barrett, 1970) and have 
a long average lifetime of 20 to 30 days in the atmosphere 
(Junge, 1963).
(3) As sulphur dioxide on^y natural sources of
SO2 are volcanoes and forest fires, both highly unpredictable 
events contributing irregularly to global emissions but with profound 
effects on a local scale. The two major sources of SO2 are both 
anthropogenic - the combustion of fossil fuels and certain industrial 
processesinvolving sulphur compounds or giving sulphur by-products. 
Table 4 shows major SC^ sources and their estimated emissions on a 
global scale. Global figures, however, do not take account of the 
extremely uneven distribution of industrial sulphur emissions. Most 
of the sulphur emitted originates from 'hot spots' in north-west and 
central Europe and north-east U.S.A. and Canada which account for 
less than 1% of the earths surface (Brown, 1979). Granat et at (1976) 
estimated that anthropogenic sulphur accounts for 80% of total 
emissions in the atmosphere, and of this 50 to 70% is subsequently 
deposited within the same region, the rest being exported to 
surrounding areas. Because of this, the present trend in research
Table 4
Estimated Anthropogenic Global Sulphur Dioxide (SO^) 
Emissions for 1965 and 1968
Estimates shown as Tg year
Source
Year
1965 1968
Coal burning *92
Oil combustion 2 1 . 2
Industrial processes: 18.8 +27.3
Smelting 14.2 16.2
Petroleum refining 4.6 6.4
Sulphuric acid manufacture - 2 . 8
Coking - 0 . 2
Wood pulp processing - -
TOTAL 132
1965 data:- Robinson and Robbins (1970)
1968 data:- Massachusetts Institute of Technology (M.I.T.) (1970)
*0ver 70% of total anthropogenic emissions are 
estimated to derive from coal combustion alone.
+The M.I.T. concluded that global oil and coal emissions 
could not be calculated from the available data 
because of the number of undetermined parameters.
They estimated emissions from industrial processes 
only. However, emissions from this one source of 
S(>2 have increased. from 1965 to 1968.
is away from global and towards the quotation of regional sulphur 
figures. However, Warren Spring Laboratories (1971) showed that 
monitored levels of atmospheric SC^ vary from hour to hour, so that 
even quotation of regional annual average figures may provide little 
indication of peak concentrations when the effects of SO^ in causing 
acidic precipitation may be greatest.
Once SO2 is emitted, its dispersion depends on climatic 
factors like wind direction and speed, thermal currents and 
precipitation (Saunders and Wood, 1973). Gaseous SC^ has a residence 
time of approximately 4 days in the atmosphere (Robinson and 
Robbins, 1970).
Industrial SO2 emissions originating from tall chimneys
have a longer atmospheric residence because more time is available
2-
for their oxidation to the more persistent S0 ^ aerosol form 
(Brown, 1979).
The mechanismsof atmospheric SO2 oxidation have been 
summarised recently by Cox (1979). Oxidation of SC^ occurs in either 
of two phases, the homogeneous gas phase or the heterogeneous liquid 
phase. Of the two, Kellogg et at (1972) state that the latter is the 
more important in the atmosphere. In the homogeneous phase, 
photochemical oxidation of gaseous SO2 takes place in the presence of 
sunlight and ozone or oxidising radicals like HO or 0 which occur 
in the stratosphere. The sulphur trioxide so formed reacts almost 
instantaneously with atmospheric water vapour to form sulphuric acid. 
Photochemical reaction is extremely slow unless a suitable catalyst, 
for example traces of such metal salts as manganese and ferric chlorides 
found in particles of wind-blownsoil or coal-dust, is present. A 
sulphuric acid aerosol will result from the above oxidation and the 
individual hygroscopic acid:droplets will act as condensation nuclei for 
atmospheric vapour (Saunders and Wood, 1973) , resulting in "acid" rainfall.
In the heterogeneous phase, gaseous SC^ dissolves in
atmospheric water (either within a cloud formation or in precipitation)
and, in the presence of traces of catalysing salts, reacts with
oxygen already dissolved there to form sulphur trioxide (Freiberg, 1975)
and then sulphuric acid. Again, acid rainfall results. The amount
of SO^ in solution depends upon the atmospheric concentration of the
gas, for the two are in equilibrium. Saunders (1966) tentatively
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suggested that 1 0 0 yg SO2 m (3.5 pphm) in air is equivalent to
35 ppm in solution. Once in solution, SO2 will exist not only as SO2
2-
but also as sulphite (SO^ ), bisulphite (HSO^ ) and undissociated 
sulphurous acid (t^SO^), the compounds reaching maximum proportions at 
p H ’s 8 , 3.5 and 0 respectively (Saunders and Wood, 1973). Thus the 
pH of the atmospheric water affects the actual form that the SO2 will 
take in solution.
The SO2 oxidation process is pH dependent and can be 
accelerated by alkaline metals like calcium and magnesium and by 
ammonia. If these are not present, the sulphate formed will remain 
as sulphuric acid, the pH of the rain droplet is lowered and 
further oxidation suppressed. Dissolved SC^ will accumulate, and 
at the low pH, the major form that it will take is bisulphite.
Bisulphite has been shown to be toxic to micro-organisms (Rahn and 
Cohn, 1944). Thus, at low pH levels, bisulphite may have a greater 
effect on vegetation and soil micro-organisms than the acid per se.
During the last two decades, another strong acid, 
nitric acid (HNO^) has played an increasingly important part in the 
acidification of precipitation. Nitrogen oxides are emitted naturally 
as a result of denitrification in the soil- .Galbally! .(1975) calculated 
that 20 to 30 Tg NO^-N year  ^is emitted from natural sources in 
the northern hemisphere, only 1 to 2 Tg year  ^of this originating 
from Europe (Dovland et at, 1976).
Nitrogen oxides are also emitted from anthropogenic 
sources, being formed in high temperature combusion processes, 
e.g. oxy-acetylene arcs used in welding on an industrial scale and the 
smelting of ores, by the oxidation of nitrogen in the combustion air. 
The improvements made in the efficiency of combustion techniques have 
led to increased flame temperatures in recent years and also increased 
NCK emissions. Robinson and Robbins (1970) estimated global 
anthropogenic emissions to exceed 16 Tg NO^ N year 4 Tg year  ^of 
which has been attributed to European sources (Dovland et al, 1976). 
From these figures it can be seen that on the global and the regional 
scales, the ratio of anthropogenic to natural emissions varies.greatly, 
accentuating the argument used previously as to the usefulness of such 
figures.
Nitrogen oxides are ultimately oxidised to nitric acid 
but the chemistry involved is complex and as Marsh (1976) emphasised, 
the methods of incorporation into rainfall are virtually unknown.
Marsh (1976) concluded that neither sulphuric nor nitric
acid is ever solely responsible for the acidity of precipitation, both
being present in acid rain, and that nitric acid probably accounts for
approximately 30% of total acidity. This is backed up by Likensand
Bormann’s (1974) study at Hubbard Brook, U.S.A., where the major cation
in acidic precipitation was H+ , accounting for 69% of all cations
2-
present (on a mi lliequi valent basis) . Anions of SO^ and N0^ were 
found to occur in proportions of 62% and 23% respectively, suggesting 
that nitric acid could be responsible for up to one-third of the total 
acidity.
Data from Southern Norway (Dovland et al, 1976) suggest 
that levels of nitrate in precipitation are high there - up to 31% of 
all anions. This may indicate that nitric acid is becoming
increasingly important as an acidifying factor in precipitation, 
especially in the Scandinavian countries.
Ammonia (NH^) is another important compound that must be
included when considering the formation of acid rainfall. Ammonia is
released during ammonification and mineralisation processes in the 
soil and from fertilisers applied to the soil, the rate of emission 
depending on soil temperature and pH, atmospheric humidity andJ 
fertiliser application methods. Table 5 gives estimated emission 
figures for different regions. From these it can be seen that 
emission of ammonia seems to be increasing.
Ammonia is very soluble in water and is of great 
importance in the neutralisation of acids in precipitation. In the 
presence of dissolved NH^, both sulphuric and nitric acids will 
react to give the respective ammonium salts and the precipitation will 
be effectively neutralised (although in fact both these ammonium 
salts give very weakly acidic solutions due to hydrolysis of the 
ammonium ion (Dawson et al, 1979)).
It must be emphasised that precipitation only becomes
acid when excess hydrogen ions are present, that is, more than can be
neutralised by existing bases of, for example, hydroxides of ammonium
and the alkali metals. This was demonstrated by Nyborg (1972) who
2- .
found 2 to 5 ppm of SO^ m  Alberta rainfall. This concentration 
of sulphate would produce a very acid rain if it had all been 
derived from sulphuric acid, but Nyborg found high enough
i | ^ |
concentrations of Na , K , Mg and Ca ions to indicate that the 
sulphuric acid had been largely neutralised. The pH of the rainfall 
was 5.5.
Many workers have stressed the importance of regarding 
increased acidity of precipitation not so much as an increase in the
Table 5
Estimated Emissions of Ammonia (NH^) into 
the Atmosphere
Region
Total 
Ammonia (NH3) 
Emissions 
Tg year”!
Source of 
Reference
Calculated Equivalent 
Emissions in Europe* 
Tg year”!
United
Kingdom
Northern
Hemisphere
0 . 1  
70 to 130
Healy,
McKay,
Pilbeam,
Scargill
(1978)
Galbally
(1975)
2
4 to 7
^Equivalents calculated by Dovland et al (1976)
hydrogen ion concentration, but more as a decrease in the concentration 
of bases present (Ross, 1972; Granat, 1972; Likens and Bormann, 1974). 
Likens and Bormann noted that in New York, the sulphur content of 
rain and snow has dropped by 70% since the 1950's. This should 
indicate that less sulphuric acid is present in precipitation today 
and an increase in pH would be expected. In fact, the pH has decreased. 
These apparently contradictory facts are explained by the change in the 
major combustible fuel over the last few decades. Coal, with its high 
sulphur content, has given way to the cleaner fuels, oil and gas, 
and SO2 emissions have been subsequently reduced. The particulate 
matter emitted when coal is burnt is also lost. Such particles are 
important in adsorbing SC^ and thus limiting its mobility within the 
atmosphere. Also, the trace metal salt impurities in soot help to 
neutralise acidic compounds and increase the pH. The recent trend 
of fitting precipitators to chimneys on industrial premises has also 
resulted in a loss of particulate matter and hence a reduction in the 
base content of the emissions. Finally, NO^ emissions have 
increased more than SC^ emissions in recent years (Dovland et al, 1976), 
helping to explain Likens and Bormann's results.
Other processes could contribute to increasing acidity 
of precipitation. Cox and Penkett (1971) suggested that the effects 
of the ozone-olefin reaction within the atmosphere might increase 
the amount of SO2 oxidised and thus increase acidity of rainfall.
Nitric acid in precipitation may act not only to increase acidity 
itself but also as an oxidising agent to oxidise dissolved SO2 to 
sulphuric acid. When precipitation falls from a cloud, it begins to 
evaporate, thereby increasing the concentration of hydrogen ions.
The rainfall reaching the ground may, therefore be more acid than 
that originally formed (Saunders and Wood, 1973).
Dry deposition of SC^ and NO^ molecules and aerosols 
onto plant and soil surfaces will also increase the acidity of 
precipitation reaching the soil. This process accounts for up to 
80% of atmospheric SO2 arriving at ground level in Britain (Meetham, 
1950; Spedding, 1969) , with only approximately 17% of the atmospheric 
SO2 being washed out of the atmosphere before reaching the vegetation 
layers of the earth ("wet" deposition). In countries like Norway 
and Sweden with high levels of annual precipitation, however, the 
majority of SO2 is deposited as wet deposition in rainfall.
Dovland et al (1976) estimated that dry deposition only accounts for 
30% of total sulphate deposition in their native Norway.
Dry deposition of gases and particulates can be by 
absorption, sedimentation or impaction, the latter two processes 
probably being of minor importance. Vegetation accounts for most of 
the gaseous SO2 absorbed from the atmosphere (Martin and Barber, 1975; 
Nyborg, 1972; Saunders and Wood, 1973). This SC^ will dissolve in 
precipitation falling over vegetation surface and the sulphuric acid 
formed will decrease the rainfall pH further. Baker, Hocking and 
Nyborg (1973) have shown this phenomenon in an elegant investigation 
into the effects of atmospheric SC^ on the pH of intercepted rain 
in a lodgepole pine (Pinus contorta) forest. Haughbotn (1976) also 
provided data to accentuate the importance of dry deposition in 
acidification of rainfall.
The occurrence of "episodes" of particularly acidic 
precipitation has been reported throughout the world. More recently, 
in Birkenes, south Norway, half the annual deposition of acid was 
recorded during a period of less than 50 days. 25% was deposited 
in only 15 days, whereas low concentrations of acid were recorded 
for the rest of the year. During these episodes, the high acid
concentrations may have more profound effects than suggested by the 
quotation of an average annual figure. Episodes are determined by 
wind direction and frequency and duration of rainfall. For example, 
episodes can occur after long, dry periods of weather when levels of 
accumulated SC^ and NO^ are high in the atmosphere and are all 
washed out at one go by falling precipitation. Similarly, short 
periods of rainfall tend to produce a more acidic rain than longer 
periods of precipitation (Saunders and Wood, 1973). However, at 
Birkenes, 15% of the total annual precipitation fell during the 15 
days of heaviest acid deposition.
The formation of acid rainfall is thus a complex, 
dynamic process, involving many simultaneous processes, some of which 
have yet to be investigated and explained before a complete picture 
can be built up.
1.4.2 Acid precipitation and the coniferous forest
It is important to establish in what ways the chemical 
composition of precipitation alters as it passes through the forest 
vegetation and percolates the topmost layers of soil, and if 
acidification of precipitation has any effect on this composition.
If it does, the solution leaching through the mycorrhizal
i
root environment may have an entirely different composition to the 
original precipitation. Any effects on growth and establishment of 
mycorrhizas by this solution might then be attributed to the wrong 
cause.
1.4.2.1 The effects of natural precipitation on forest soil
and vegetation
Precipitation as rain, mist and snow is intercepted 
by vegetation. In a dry canopy, water is initially retained, but 
when the storage capacity of leaf and branch surfaces is exceeded,
water will run to the ground via the tree surfaces as a flow of water 
down the bark, entering the soil immediately adjacent to the trunk.
This is stemflow. Alternatively, throughfall precipitation reaches 
the soil surface by passing through open spaces in the canopy or by 
dripping directly from leaves and branches. In a typical forest 
with different layers of vegetation the processes of stemflow and 
throughfall are repeated at every level until all precipitation 
reaches the soil surface. The precipitation ultimately reaching the 
soil is net precipitation which characteristically differs in 
quantity and composition from precipitation deposited on open ground 
(incident or gross precipitation).
.The amount of rainfall intercepted by forest vegetation 
and never reaching the soil can be as much as 15 to 40% of annual 
precipitation in coniferous forests (Rutter, 1975). The intercepted 
water is either stored on needle surfaces (Rutter, 1963, 1975 estimated 
that the first 1.6 mm in Scots pine {JPinus sylvestris) and the first
1.5 mm in Norway spruce (Picea ab'ies) of rainfall are intercepted 
as 'stored1 water) or evaporates back into the atmosphere. Uptake 
of rainfall actually into conifer needles is rare, but possible 
(Rutter, 1963).
Spruce monoculture plantations tend to create characteristically 
dry soil conditions (of Section 1.2). The amount of water present in the 
soil is of great importance when considering percolation of rainfall 
through the soil. This was demonstrated by an elegant experiment using 
a fluorescent dye technique (Reynolds, 1966). The dye pyranine was 
applied to the surface of an acid, sandy soil developed on plateau 
gravel in Bagley Wood, near Oxford. The soil was planted with 
Norway spruce (Picea ab'ies) . 12 fluorescent dyes had been previously
tested and pyranine chosen as the most suitable for field trials.
It was not absorbed by soil organic matter and could therefore move 
freely in the soil water. It fluoresced brightly in aqueous solution 
and retained its fluorescence over a month of alternate wetting and 
drying treatments (as would occur in natural soil conditions). It 
was freely soluble and did not affect microbial growth. Figure 4 
shows the experimental method of application of the dye, which was 
left 97 days before excavation of the test area. The exposed soil 
profile was photographed using ultra violet light (3660 $.) .
The dye, and therefore the rainwater carrying the dye 
into the soil, generally penetrated 4 to 5 cm into the horizon. 
This slow rate of percolation was thought to be because of the 
unwettable nature of the raw humus. Most noticeable was the lateral 
spread of the dye at a depth of 1 to 2 cm in the humus in any 
direction of a slight slope and to a distance of as much as 20 cm. 
Against the tree trunk, dye was found down to 3 or 4 cm into the 
mineral soil having passed below the thick accumulation of humus 
via the trunk-soil interface. The dye showed a marked tendency 
to run down the larger lateral roots and over their surfaces to drain 
into the soil from their undersides. In this latter case, the 
rainwater will be mostly stemflow which, as shown later, often 
becomes more acidic than incident rain. All these observations 
indicate the heterogeneous nature of rainwater percolating through 
a woodland soil (also shown by Rutter, 1964, using tensiometers and 
Voigt, 1960, using resistance units) which may be of importance when 
investigating the effects of rainfall on mycorrhizal development.
For example, not all mycorrhizas (even those of the same host/fungus 
species combination) in a given volume of forest soil will be 
affected equally by percolating precipitation. The concept of 
adjacent but independent micro environments within the soil arises 
in which mycorrhizal growth will be differentially affected.
Figure 4
Method of Application of the Dye Pyranine to an 
Forest Soil to show the Direction of Flow 
of Percolating Rainfallt 
After Reynolds, 1966
Band of dye 1 cm wide, B  5 x 5 cm squares of dye applied
10 cm long at 30, 60 and 90 cm along a
radius out from the trunk
\
\
\
\
\
\
t During the experimental period of 97 days, 4.12 in. gross rainfall 
was recorded.
Key.
Position of application of Pyranine conc.
fluorescent dye. Dye applied at rate of 200 g m“^ 
as powder. Powder dissolved in natural moisture 
on the soil surface.
Spruce (Pioea abies) tree trunk in horizontal section 
at ground level.
As precipitation falls against plant surfaces, it will 
wash off any substances exuded there by the plant as well as deposits 
of chemicals and particulates. Continual precipitation will cause 
leaching of substances out of the needles or leaves. Cations will 
be most readily leached from the exchangeable cation pools within 
the so-called "free-space" areas of the plant (Tukey, 1970). Cation 
exchange may also take place on the cuticle surface, excess cations 
from the plant being replaced with those from the precipitation.
Thus, the chemical composition of rainwater is likely to change 
before reaching the soil, specific changes depending on the tree 
species involved.
Nihlgard (1970) in Sweden and Bjor, Horntvedt and 
Joranger (1974) in Norway all investigated the changes in composition 
of rainfall as it passes through a Norway spruce (J?i,cea abtes) 
canopy. Nihlgard*s results, although predating those of Bjor et at, 
are more comprehensive, having a longer experimental time period - 
2 years as compared with 136 days - and including measurements for
a greater number of elements. Both sets of workers found that the
quantities of most elements in the rainfall increase when passing 
through the canopy. Nihlgard showed that the ratio of throughfall 
plus stemflow to incident rainfall for different elements increases 
in the order
N < Na+ < Cl" «  Ca2+ < Mg2+ < S < P «  K+ «  Mn2+
Increase in N, S and P are explained partially as
leaching from old, dead and dying needles still attached to the 
branches. The pH of the throughfall was found to be 4.5 (range
4.2 to 5.1), slightly more acid than the incident rain with pH 5.2 
(range 4.8 to 5.8). This is attributed to the addition of organic 
acid compounds, leached out from the spruce needles. Stemflow pH 
was consistently acid with a pH range of 2.7 to 3.9 (mean 3.1).
The total weight of elements deposited at the soil
surface by rainfall was measured as 215 kg ha  ^yr 39.3 kg ha  ^yr
were explained in terms of incident rainfall i.e. 'normal1 constituents,
whereas the remaining 82% was derived from leaching of the canopy
and from aerosols which, once deposited on the needles, were washed
down by rainfall.
Nihlgard (1970) discussed the problem of distinguishing
between spruce leachates i.e. natural enrichment of rainfall, and
adhering pollutants. By comparing element enrichment of precipitation
collected under layers of plastic nets with that collected under a
+ 2- .spruce canopy, he concluded that most of the H and S0 ^ ions are
+ 2+ 2+ 
leached from the spruce crowns, as are K and Mn , whereas Mg ,
+  — 2+
Na, Cl and Ca are derived largely from aerosols.
Thus, under natural conditions, the forest canopy
alters the composition of precipitation falling through it. A
2-
spruce canopy will decrease pH, increase 50^ content and enrich 
precipitation with several elements.
1.4.2.2 The effects of acid precipitation on forest soil and 
vegetation
The effects of acid precipitation on forest vegetation 
and soil have only recently been investigated, possibly because few 
visible signs of plant damage had been noted and attributed to acid 
rainfall and its effect was therefore considered negligible.
In 1972, Gordon noted that emerging needles of two 
species of western pine (Pinus sytvestr'isJ P'inus strobus) grew 
to only half the size of those of control plants when sprayed 
with atomised sulphuric acid in the pH range 1.5 to 4.5. He termed 
the stunting effect "short-long needle disease*'-'.
*The cause of this disease remains unidentified, although it is now 
believed _to_be a biologicaliagent . (Pehnypacker and Wood, 1976) and not 
wholly "acid" rain.
Wood and Bormann (1974) noted spot necrosis and irregular 
development of leaf tissue in yellow birch CBetula alleghaniensis) 
seedlings treated with a sulphuric acid mist of pH 2 to 3. This 
encouraged investigation into the effects of acid precipitation at 
non-lethal pH's. Using seedlings of Pinto bean (Phaseolus vulgaris) 
and sugar maple (Acer saccharum) and.sulphur ic.acid mists ranging
_i 2 .^ 2*|-
from pH 2.3 to 5.0, foliar losses of K , Mg and Ca were recorded
from both species, increasing with increased acidity of the mist.
Significant increases in leaching occurred at pH's 3.3 and 4.0 without
visible signs of injury. The large amounts of cations leached at
pH's of less than 3.0 were considered due to the tissue damage caused
by the high H ion concentration. Increased leaching at all acid
pH's was attributed to increased internal tissue damage, dead tissues
being more readily leached than living ones (Wood and Bormann, 1975).
Fairfax and Lepp (1975) investigated cation loss from
leaves of tobacco (Nicotiana tabacum var.virginiata) in response
to leaching with a simulated acid rain of pH 3.0. Abrahamsen et al
(1976) looked at the effect of simulated rainfall adjusted to a
range of pH values on the leaching from Norway spruce (Picea abies)
crowns. The results of both groups of workers are summarised in
Table 6 . Both experiments showed a marked increase in foliar 
2+
leaching of Ca as the pH of the simulated rainfall decreased.
2+
Mg levels remained fairly constant over the pH ranges used. For 
tobacco, however, the levels of K+ leached out decreased with 
decreasing pH. This result was convincingly explained in terms of 
cation exchange (Fairfax and Lepp, 1975). With Norway spruce,
levels of K+ increased significantly in the leachate as pH decreased
+ + — — 2- . . 
and Na , NH^ , N0^ , Cl and P0^ were not affected by increasing
acidification of rainfall.
Table 6
The Effect of pH of Simulated Rain on Leaching 
2 ^ .  2+ j •
of Cations Ca , Mg and K from Plant Surfaces
(A) Cation loss from leaves of tobacco 
(71licotiana tabacum var. virginiata) .
After Fairfax and Lepp, 1975
pH of leaching 
solution
Leached Cationf
K+ Ca2+ Mg2+
6.7 58 ± 16 73 ± 18 3.4 ± 1.4
3.0 13 ± 4.8 273 ± 66 4.6 ± 2.0
Significance * * -
t Cation concentrations are in yg cation leached per leaf per 6 hour 
wash. All experimental leaves were fully expanded at 8 weeks old. 
Values represent means of 21 replicates ± s.e.'2.4 litres of 
leaching solution applied per wash.
* Probability of the two means being equal is less than 0.01.
Significance tested using a t-test for groups of equal sizes 
(after Snedecor and Cochran, 1967).
(B) Cation loss from crowns of spruce (Picea abtes) .
After Abrahamsen et at, 1976.
pH of simulated 
rain
Leached Cationtt
K+ Ca2+ M g  2+
7.0 40 -180 - 9
4.0 53 - 60 + 2
3.0 80 + 33 + 9
2.5 84 + 2 0 + 1 1
tt Cation concentrations are in mg cation leached in throughfall
collected per m2 surface below the crowns. Tree 20 years old. 
Values represent means of two treatments with 50 mm simulated 
rain. Before passing the tree crowns, the rain contained 
315, 35 and 35 mg.m~2of Ca2+, Mg2+ and K respectively.
To summarise,increased acidity of rainfall will 
increase rates of leaching, especially by the mechanism of cation 
exchange. Leaching may decrease the vigour of forest trees by 
increasing erosion of the foliar cuticle, allowing easier access to 
pathogens (Shriner, 1975, 19&0). A decrease in vigour might possibly 
affect the rate of mycorrhizal root formation in a forest tree, for 
it is known that vigour is usually measured in terms of tree growth 
and that mycorrhizal formation is dependent on the rate of tree root 
growth (Wilcox, 1968; Marks and Foster, 1973). Thus mycorrhizas might 
be affected both directly and indirectly by acidified rainfall.
The effects of acid precipitation on the soil have been 
studied by numerous workers. Changes in soil pH, in redistribution 
and leaching of cations and in rates of mobilisation of plant 
nutrients as well as changes in microbial activity (affecting the 
rates of nitrogen fixation and mineralisation, nitrification and 
litter decomposition) have all been recorded (Maimer, 1973; Tamm,
1976; Overrein, 1972, ; Abrahamsen et al, 1976).
Significant reductions in the pH of a podsol soil 
(taken from beneath a Picea abies stand) were obtained using simulated 
acid rains of pH’s4.0 and below. Leachate analyses from lysimeter 
studies of the same soil showed a similar decrease in pH after 
treatment with simulated rain of low pH. Results from ,a podsol-brown 
earth soil subjected to the same treatment showed no noticeable 
depression of pH after acid rain application (Abrahamsen et a l , 1976). 
These results were not surprising for the podsol soil (pH 4.3) was 
more acid than the podsol-brown earth soil (pH 4.7) and had a lower 
base saturation. The base saturation is a measure of the relative 
amount of metal cations normally adsorbed onto the negative binding 
sites of the soil colloids. Productive farm soils have base
saturations of 70 to 100% (as do most mull soils with high biological 
activity) and hence a good pool of exchangeable cations. Podsols may 
have base saturation values as low as 2 to 2 1%, most of their cations 
having been exchanged for H ions from acids within the soil. Podsol 
colloids are said to tend towards hydrogen saturation. Thus, podsols 
have a poor buffering capacity with few exchangeable cations to 
neutralise the effects of percolating acid rain. The brown earth 
soils with high base saturation values will neutralise acids more 
effectively, however.
2+
Abrahamsen et al (1976) noted that the amounts ofrCa ,
2+ 2+ . . . .
Mg and Mn ions leached from podsol lysimeters were significantly
increased when the pH of the simulated rain applied was of pH 3.0 
or below. The base saturation of the 'O' and ’A' horizons of the
2+
podsol was significantly reduced with rains of pH 4.0 or below. Ca
2+ . . .  
and Mg ions were particularly susceptible to increased leaching under
acid watering regimes - the net loss of these two cations increased
over two and a half times when the pH of the simulated rain fell
from pH 6.0 to pH 3.0. Overrein (1972) also found increasing amounts
2+ 2+ . . . 
of Ca and Mg ions m  his lysimeter leachates as the pH of the
simulated rainfall was decreased.
However, Tamm, Wiklander and Popovic (1975) found only
small changes in the amounts of cations leached from podsol lysimeters
under acidic rainfall conditions, as did Johnson and Cole (1975) from
podsol profiles in the U.S.A. Haughbotn (1976) noted that in a soil
with low pH or low base saturation (down to 5%), the replacing
. . 2+ 2+ 2+ + . 
efficiency of the cations Ca , Mg , Na , and K is depressed.
Percolation of acid rainfall into such a soil does not cause the loss
of cations expected from the amount of acid applied (see Figure 5).
Figure 5
Theoretical Argument for Soils of Low pH or Low
Base Saturation having Depressed Cation 
Replacing Efficiency (Haugbotn, 1976)
AM . +
Let the ratio —  equal replacing effiency of H ion
in a soil, where AM equals the quantity of cation replaced by a
small quantity of H+ on an equivalent basis, supplied to the
system.
Then ^  = A(I Ca2+’ Mg! „ ; Na+? K V  - 1 to 0a h  AH+
AM
When —  approaches 0 (in soils with pH < 5 or base 
saturation 5% and below) far greater amounts of H+ will be required 
to remove just one cation.
+Conclusion:- percolation of H ions (in acid rainfall) through 
soils of low pH or low base saturation will not cause the loss of 
cations expected from the amount of acid applied.
The results of these latter workers are in accordance 
with the theories of Wiklander and Andersson (1972) and Wiklander 
(1973/74, 1975) and may be of particular interest to the acid 
precipitation problem in the Scandinavian countries where the 
predominant forest soil type is podsol. Wiklander (1973/74) 
concludes that the effects of acid precipitation on a soil with 
base saturation 2 to 20% are "very slight" (sic.), in 
contradistinction to the experimental findings of Abrahamsen et al 
(1976) described previously.
Haugbotn (1976) obtained some interesting results in a 
laboratory percolation experiment involving four different soil 
types. Columns of the various soils were leached with sulphuric 
acid solutions of pH's 3.0 and 3.5 and distilled water at pH 5.8 for 
6 months. They were then divided into five layers and each layer
analysed separately in order to study the depth distribution of
2^ 2+ ^
Ca , Mg , Na and K ions under different acid watering regimes.
Figure 6 gives results of this experiment. From these it can be
seen that the most acid solution washed out the greatest amounts of
cations in all the soils. More than half the exchangeable cations
had been leached out of the pure sand at pH 3.0. In the heavy clay
soil, cations leached from the top 10 cm of the soil column by the
most acid solution were not removed from the column but were washed
down to the lower soil layers and deposited there. In the two soils
high in organic matter, cations were completely removed from the
top 10 cm layer and washed out of the column, but almost the full
quota of cations remained in the rest of the column, resistant to
leaching by even the most acid solution. Thus, cations can be
redistributed in the soil by the action of acidic ’rain1,
redistribution depending greatly on the physical properties of the
soil affected.
Figure 6
Relative Content of Exchangeable Cations (Ca^+, Mg^+, Na+
and K+) in Four Soil£ after Percolationt with Water 
at different pH*s.(After Haugbotn, 1976)
Relative content (%) 
6 0
Relative content (%)
5 0
XX Depth
(cm)
7 0
30
Dep th 
(cm)
tSee text for experimental details
A - Clay moraine soil 
B - Organic stained sand 
C - Clay-free sand 
D - Peaty soil
  Soil percolated by water of pH 3.0
(1.622 m.eq. H2S0 4 I"1)
  Soil percolated by water of pH 3.5
(0.44 m.eq. H2SO4 1”1)
••• Soil percolated by distilled water, 
pH 5.8
Haugbotn's results are particularly relevant when it is 
considered that the majority of spruce mycorrhizas are formed within 
the top humus layers of the soil (Mikola and Laiho, 1962j Nihlgard, 
1972). Increased leaching caused by increased acidity of 
precipitation will affect these roots directly, the uppermost soil 
layers seeming particularly susceptible to leaching, irrespective of 
soil type.
If concentrations of cations in the upper layers of the
soil are reduced, the effects of other ions, normally insignificant
because of their low concentrations or because they are well-buffered,
may become apparent. A heat-stable fungitoxin found in acid soils,
for example, was identified by Ko and Hora (1972) as the aluminium 
3+(Al ) ion. Aluminium is perhaps the least readily displaced cation
in the soil. It becomes mobilised (hydrolysed) at pH 4.5 and below
2+ 2+and tends to be exchanged only when Ca and Mg cations are becoming
depleted (Black, 1968) . Thus, as the soil is leached by rain of
3+increasing acidity, the relative proportion of Al to other cations
will increase and fungal growth become inhibited accordingly. More
recently, Ulrich, Mayer and Khanna (1980) and Ulrich (1981)
accentuated the effects of increasing aluminium concentration on the
growth of mature fir and beech trees in the Soiling highlands of
western Germany. Here it is thought that acid precipitation causes
acidification of the soil and, consequently, increased soil Al^+
3+concentrations. When the Al concentration continuously exceeds a 
certain level, the fine roots of forest trees are damaged, allowing 
access to bacteria which cause wetwood infections. Trees eventually 
die. Thus the changing ionic composition of the soil water around
tree roots is of great importance in a study of the effects of acid
precipitation on tree growth.
The effects of soil acidification on biological processes
within the soil have been extensively discussed by such
workers as Abrahamsen et al (1976); Abrahamsen and Dollard (1978); 
Alexander (1980); Tamm (1976) and Russell (1961). The processes 
considered of major importance for plant growth (and hence those most 
often studied) which might be affected by soil acidification are:- 
mineralisation of organic nitrogen, (in particular the process of 
nitrification) , decomposition of organic material and nitrogen 
fixation.
The rate of nitrification ("the microbial transformation 
of ammonia to nitrate within the soil", Russell, 1961) falls with 
increasing acidity and is usually undetectable below pH 4.5 
(Alexander, 1980) . Thus, acid podsol soils support little or no 
nitrification, although nitrifying bacteria may still be present 
(Tamm et al, 1975; Hovland and Ishac, 1975).
The apparent sensitivity of nitrifying bacteria to acidity 
in the soil could make nitrification self-limiting in soils of low 
buffer capacity due to the increase in acidity which accompanies the 
oxidation of ammonia to nitrate (Millbank, 1959).
Woods (C.E.R.L., 1978) review of the literature shows that 
the effect of soil pH on nitrification rates varies from one soil to 
another. Her analysis of incubation experiment results with mineral 
soils demonstrated a more significant correlation between nitrate 
produced and total nitrogen present than between nitrate produced and 
soil pH. Liming was thought to have a deleterious effect on the 
ecosystem (Tamm, 1976) since forest trees utilise ammonia which is 
not leached from the soil as rapidly as nitrate.
The conversion of organic nitrogen in the soil to 
ammonium, by. contrast with nitrification, does not show a marked 
sensitivity to increased soil acidification. This is because a 
broad range of fungi, bacteria and actinomycetes can contribute to
the process and acid-intolerant species are readily replaced 
(Alexander, I960). The greater independence of the organic 
nitrogen mineralisation sequence than the nitrification process with 
respect to increasing acidification of the soil is reflected in the 
rise of ammonium levels with time in acid soils compared with neutral 
soils. Nihlgard (1971), for example, showed that the.majority (80%) 
of available nitrogen in a spruce podsol soil of pH 3.6 is in the 
form of ammonium. Similarly, Tamm et al (1975) showed increased 
ammonium production in acidified soil samples.
The effects of simulated acid rain on the decomposition 
of organic material in podsolic soils have been studied mainly by 
the Scandinavian workers (Abrahamsen, Hovland and Hagvar, 19*80;
Tamm et al, 1975).
Tamm et al (1975) showed a significant decrease in 
carbon dioxide (CC^) evolution when humus was acidified with both 
sulphuric acid (H^SO^ aq.) and sulphur powder. CC^ evolution was 
taken as a measure of soil respiration and hence as a general 
expression of soil organism activity. Abrahamsen et al (1980) also 
found a significant decrease in decomposition of acidified humus 
measured on a percentage weight basis, as did Baath et al (1980).
The latter workers noted a significant decrease of "active" fungal 
mycelium (measured using the fluorescein diacetate stain technique) 
and bacterial biomass in acidified soils, thereby supporting the 
above results.
As Abrahamsen et al (198o) stressed, however, the 
results discussed above cannot be applied directly to the acid rain 
problem. The effects reported are, in general, produced by much 
greater H+ ion concentrations than those found in precipitation and 
over short time periods only. Any artificial rain used should have
a composition similar to that of natural precipitation. These are 
the reasons given to explain the apparent anomaly of.results obtained 
by Abrahamsen et al (1975) and Hovland and Abrahamsen (1976) where no 
significant decrease in decomposition was noted after acidification 
of pine needles and soil containing cellulose strips respectively.
Tamm (1976) stated that nitrogen fixation is a process 
of little importance in a well-drained acid coniferous forest. A 
study in Norwegian conifer forests showed that the rate of nitrogen 
fixation is very low, below detectable quantities in most samples, 
and that soil acidification has no apparent effect on the process 
(Hovland, 1976) . This was in agreement with Runge (1971) who found 
only low numbers of free-living nitrogen-fixing organisms in similar 
soils. Bearing in mind that up to ten times the number of bacteria 
have been recorded in the mycorrhizosphere as in the rhizosphere 
(Katznelson et al> 1962) and that several workers have shown the 
ectomycorrhizal surface to be intimately associated with active 
nitrogen-fixing bacteria (Marks and Foster, 1967; Rambelli, 1970; 
Silvester and Bennett, 1973), the effects of acid precipitation on 
such bacteria may indirectly affect the activity of mycorrhizas.
The failure of workers to detect any direct evidence 
'in vivo for the adverse effects of acid precipitation on tree growth 
{of Section 1.1) may be because sulphur and nitrogen (present in the 
sulphuric and nitric acids causing acidification of precipitation) 
create a positive fertiliser effect in the soil. Both sulphur and 
nitrogen are essential to plant growth (Russell, 1961). Although 
sulphur deficiency has never been observed in forest trees under 
natural conditions in Scandinavia (Tamm, 1976), nitrogen deficiency 
is universally common, even in well-established conifer forests 
(Bowen, 1973). Thus, the nitrogen may have a beneficial effect on 
tree growth, compensating for any harmful effects caused by increased 
hydrogen ion concentration.
In all, the effects of acidity within the soil are 
numerous and complex. All the processes described above act 
simultaneously - they may interact, become synergistic or even 
mutually exclusive. With such a delicately balanced system of 
chemical, physical and biological reactions that we call 'soil', 
a fuller understanding can be developed only with a great deal 
more research.
The effects of soil acidity on mycorrhizal growth 
and development have been neglected in past research. The 
mycorrhizal habit is the norm rather than the exception under 
forest conditions (of. Chapter 1.2.4.) Thus, in the majority 
of cases, the mycorrhizal sheath will be in intimate contact 
with the soil. Any alteration in soil conditions, for example 
in soil pH, will affect the mycorrhizal fungal sheath tissue 
directly. The tree root tissue and hence the tree itself will 
be affected secondarily and perhaps indirectly, depending on the 
response of the sheath to the external conditions.
Any study on the effects of soil acidity on tree 
roots and on general tree growth must therefore take into account 
those effects on the sheathing mycorrhizal fungus and on the 
response of the mycorrhiza as a whole. This forms the subject 
of the next section.
1.5 The Effect of pH on Sheathing Mycorrhizal Fungi
Most fungi grow within the pH range 4.0-to. 8.0. (Lilly., 1965) 
with optimal pH’s for vegetative growth falling on the acid side of 
neutrality, usually between pH’s 5.0 and 7.0 (Smith and Berry, 1975). 
Unlike bacteria, the majority of fungi will tolerate and usually grow 
at pH’s lower than 4.0, a fact that has often been used in the 
preparation of media for isolating pure cultures of fungi from mixed 
cultures of fungi and bacteria (Smith and Berry., 1975) .
Sheathing mycorrhizal fungi are no exception to the 
above rule, and are generally assumed to be acidophilic (Modess, 1941). 
pH values giving optimal mycelial growth in pure culture for a range
of sheathing mycorrhizal fungi are shown in Table 7.
Slankis (1974) stated that the optimal pH for mycorrhizal 
formation in vitro frequently corresponds with that for mycelial 
growth in pure culture. This is, perhaps, an overgeneralisation, for 
the statement is based on the evidence of only three mycorrhizal fungi, 
namely Cenococcum geophilum^ SuiVlus luteus and Lac'caria lacoata, 
used in a study on pH by Marx and Zak (1965).
Norkrans (1950) showed that the pH of soil adjacent to 
fruiting bodies of known mycorrhizal fungi (Trichotoma spp) 
corresponds closely to their optimal pH for growth in pure culture.
Thus, perhaps the optimal pH value for mycelial growth in vitro may 
be a useful practical indicator of the mycorrhizal fungi likely to
be found in a soil of a particular pH.
Optimum pH values do not necessarily reflect the wide 
tolerance of most sheathing mycorrhizal fungi to soil reaction. For 
example, mycorrhizas have been observed on American Pinus ponderosa 
seedlings growing in a soil of pH 7.8 (Goss, 1960). In the U.'S.S.R. 
oak (Quercus robvr) mycorrhizas abound in soils with pH 8.0 or more
YABLE 7
pH Values for Optimal Growth in Pure Culture* for a 
Range of Sheathing Mycorrhizal Fungi
Fungus
pH Range 
for 
Growth
pH
Optimum
No
Days
Growth
Reference
Amanita muscaria 2.5 6.8 4.5 25 Modess (1941)
pantherina 2.9 7.5 4.5 29
porphyria 2.0 -*• 6.0 3.5 to 4.4 28
Suillus bovinus 2.1 6.9 4.5 to 6.0 20
granulatus 2.5 6.7 5.0 20
Zuteus 2.5 6.8 5.5 14
variegatus ' 2.0 -► 6.1 6.5 25
Boletus edulis 2.5 -► 6.4 5.6 25
Lactarius deliciosus 3.0 -► 6.8 5.4 to 5.9 27
Paxilliis pmtnulus 2.5 -*■ 7.5 4.9 to 6.0 29
Rhizopogon roseolus 3.5 6.8 5.4 to 5.9 25
Tricholoma brevipes 3.0 8.0 5.0 40 Norkrans (1950)
flaoobrunneum 2.0 -> 8.0 5.0 25
fumosum 3.0 -► 8.0 5.0 15
gambosum 2.0 -► 8.0 5.0 to 6.0 30
■imbricatum 3.0 8.0 4.0 to 5.0 20
nudum 3.0 -*■ 8.0 6.0 25
pessundixtum 2.0 -> 8.0 5.0 to 6.0 25
vaccinium 2.0 -v 8.0 5.0 20
Cenococcum geophilunx 2.4 7.0 4.1 25 Mikola (1948)
Corticium bicolor 2.2 -v 7.3 3.5 to 4.0 25 Mikola (1962)
Paxilliis involutus 2.2 7.8 3.1 to 6.4 - Laiho (1970)
Lactarius chrysorrheus 5.0 7.0 7.0 or > 5 Jakyo et al (1962)
mucidus 4.5 +  7:0 5.5 5
paludinellus 4.5 -*■ 8.0 6.5 to 7.5 5
eubdulcis 4.5 7.0 5.5 5
torminosus 4.5 -v 7.0 5.0 5
Boletus elegans 3.2 6.5 3.8 to 4.8 9 How (1940)
Lactarius chrysorrheus 3.2 -> 6.0 4.5 to 5.0 50 Iwamoto (1962)
Lactarius hepaticus - 5.1 5.6 18 Oort (1981)
rufus - 4.6 5.6 18
sanguifluus - 6.5 18
eubdulcis - 5.1 -v 6.1 18
quietus - 5.6 6.1 18
*A11 values obtained in liquid culture medium with the exception of How (1941) 
who used a solid silica gel medium and Oort (1981) who used a semi-liquid 
medium, partially solidified with 0.5Z agar.
(Vlasov, 1977). Both these soils have pH’s well above neutrality 
and therefore above all known pH optima for mycorrhiza.l fungal growth.
The effects of soil pH on the growth and development 
of mycorrhizas per se have received less attention than the effects 
on the mycorrhizal fungi themselves, although the former are possibly 
of greater ecological importance. Table 8 summarises the work to 
date on pH requirements for specific mycorrhizal associations.
Melin (1953) first suggested that tree mycorrhizas 
found in neutral soils (pH approximately 7.0) might contain different 
fungal symbionts :^to those growing in acid soils. Knowing that 
mycorrhizal fungi have well defined pH optima in vitro and could be 
expected to thrive differentially in soils of varying pH, this is 
a very logical theory. It was not until 1969, with the work of 
Theodorou and Bowen, however, that Melin1s theory was proven. These 
two workers adjusted the pH of a podsolised sand medium to pH’s 4.5 
and 6.2 respectively. Four weeks after sowing with Pinus radiata 
seeds, two types of mycorrhiza had developed on the seedlings' root 
systems. The mycorrhizas were designated "white" and "brown" types - 
no attempt was made to identify the fungal species involved further.
The "white" mycorrhizas had well developed sheaths and were thought to be 
formed by a number of different sheathing mycorrhizal fungi. The
’brown' type had little sheath development and in section was typical 
of the ectendomycorrhizal type described by Laiho (1965) , known to 
be formed in symbiosis with an ’E-strain’ fungus (Mikola, 1965) . As 
the pH increased from 4.5 to 6.2, the ratio of white to brown 
mycorrhizas decreased until at pH 8.0 only the brown type remained 
(see Table 9) .
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This effect of pH in changing the dominant type of 
mycorrhiza present in a particular soil may explain the observations 
of Laiho (1967). He found that Scots pine {Pinus sytvestris) seedlings 
grown in agricultural, nursery soil (pH 7.0 or above) commonly form 
ectendomycorrhizas with the ’E-strain1 fungi mentioned above, but 
when transplanted to a forest soil (pH 5.0 or less) sheathing 
mycorrhizas predominate.
Variations in the pH optimum among different strains of 
the same species in vitvo suggests that mycorrhizal fungi may be 
able to adapt to soil pH. An example of this was shown by Laiho 
(1970) who found that 9 strains of Paxi'l'lus invoZutus isolated from 
soils of different pH but grown in the same nutrient broth had pH 
optima ranging from 3.1 to 6.4.
Alternatively, some mycorrhizal fungi may be highly 
pH specific, possessing a narrow optimal pH range both in vitvo and 
in vivo. Little evidence of such high specificity can be found in the 
literature, however. Tserling (1962) reported that a shift from 
pH 7.4 to 7.0 increased the percentage of mycorrhizal larch 
(Larix decidua) seedlings from 0 . 8  to 6.5, although his figures can 
hardly be statistically valid or in any way indicative of high pH 
specificity given the difficulty in measuring both substrate pH 
(see Chapter 2.2) and percentage mycorrhiza infection to such a 
degree of accuracy.
More recently, the view that the establishment and growth 
of sheathing mycorrhizas is controlled directly by soil pH and the 
acidophilic nature of the fungal symbiont has been questioned.
Richards (1961, 1965) and Richards and Wilson (1963) have suggested 
that soil pH acts indirectly on the establishment of mycorrhizas by 
altering the availability of soil nitrogen.
According to Bjorkman's classic carbohydrate theory,
(1942, 1944) extensive mycorrhizal development occurs only when 
carbohydrate synthesis exceeds carbohydrate utilisation in the host 
plant, and soluble carbohydrates accumulate in the roots. When 
photosynthesis is not restricted by adverse environmental factors, 
the amount of soluble carbohydrate accumulating is determined by the 
rate at which it is utilised in respiration and growth. If sufficient 
soil nitrogen is available, excess carbohydrate is utilised in protein 
synthesis (nitrogen and phosphorus are both essential elements in 
protein synthesis). Nitrate nitrogen tends to be more available than 
ammonium nitrogen in the soil for nitrates are all dissolved in the 
soil solution, whereas much of the ammonium is held in the soil 
exchange complex (Russell, 1961). Therefore sufficient soil nitrogen 
is most likely to be available in neutral or slightly alkaline soils 
where microbial nitrification is enhanced and the level of available 
nitrate high (Hovland and Ishac, 1975) .
Alternatively»a moderate deficiency of soil nitrogen 
(occurring commonly in conifer soils (Bowen, 1973) and in acid, 
podsol soils where nitrification rates and ; nitrate , levels;:. are low) 
which is not severe enough to cause chlorosis but sufficient to limit 
protein synthesis, will retard growth and permit the accumulation of 
soluble sugars in root tissues. Mycorrhizal development will thus 
increase.
Bjorkman’s theory may explain why greater numbers of 
mycorrhizas of 'Pinus caribaea seedlings were found in soil at pH 7.5 
with low available soil nitrogen than at pH 5.8 with greater levels of 
nitrogen (Richards and Wilson, 1963). It may also explain the 
observations of many workers (Chapman, 1941; Hatch, 1937; Laiho, 1967; 
Benzain, 1965) that Pinus3 Picea and other potential mycorrhiza-forming
conifer species thrive best in acidic soils. Clement, Garbaye and 
Le Tacon (1977) stated that the apparent exception to this rule, namely 
Austrian black pine (Pinus nigra nigricans) which tolerates high 
calcium carbonate levels and hence high soil pH’s (pH’s of 8.0 and 
above) under natural conditions, relies completely on its 
ectomycorrhizas for tolerance. Seedlings of Austrian black pine grown 
in sterile sand (no mycorrhizas) show extreme sensitivity to calcium 
carbonate, developing severe chlorosis and eventually dying. These 
workers also showed a correlation between the nitrogen source used 
(amino acids) and the calcium carbonate effect on the mycorrhization 
process, underlining the importance of soil nitrogen and not soil 
pH per se.
Richard (1965) showed that normal mycorrhizal development 
in loblolly pine (Pinus taeda) was possible in a soil of pH 7.5 (the 
soil’s original pH of about 5.8 was increased by liming at the rate of 
896 lb/acre calcium) only when the iron deficiency that this 
treatment produced was corrected by the addition of Fe-EDTA without 
altering the pH. This result agreed well with the work of Dale,
McComb .and Loomis (1955) who stated that no type of Fe treatment 
prevented lime-induced chlorosis of jack pine (Pinus banksiana) on 
a soil of pH 8.2 unless mycorrhizal fungi were present.
Richards (1965) also found that the inhibitory effect 
of sodium nitrate (NaNO^) on mycorrhizal formation (see Table 1 0) was 
due to the nitrate ion only and not to the increased pH of the soil. 
Addition of sodium carbonate ( ^ 2 0 0 )^ did not reduce mycorrhizal 
infection despite the increase in pH. The pH increase in this 
experiment - from pH 6.5 to 7.4 - was not very dramatic, however.
Table 10
The Effect of NaNO^ and Na^CO^ on soil pH, 
Yield and Mycorrhiza Development of Loblolly
pine {Pinus taeda) 
(after Richards 1965)
Treatment Soil pHt
Dry Weight 
Shoots (g)
1Mycorrhiza 
Percent1*
Minus NaNOg 6.7 0 . 1 2 31.78
Plus NaN03 7.2 0.08 16.03
Minus Na2C0 3 6.7 0.09 25.10
Plus Na^CO^ 7.2 0 . 1 0 22.71
L.S.D. (P < 0.05) 0 . 1 0 . 0 2 5.38
L.S.D. (P < 0.01) 0 . 1 0.03 7.20
Figures shown are means of ten pots per treatment
tSurface soil collected beneath a young pine plantation 
at Beeburrum, south-east Queensland, Australia was used.. 
The soil had a pH of about 5.8, increased to 6.7 by a 
basal dressing of Na^PO^.
transformed data
Park (1971) using an equally small range of soil pH, 
from 6.2 to 8.4, found no correlation between soil pH and the nitrate 
content of soil or prevalence of Cenococcum geophitum mycorrhizas on 
basswood {TiZHa americana) at 22 different sites, apparently 
disagreeing with Richards1 results.
Theodorou and Bowen (1969) recognised two distinct phases 
in mycorrhizal formation - the growth of the mycorrhizal fungus in 
the rhizosphere , and the actual infection process of the root. By 
studying the effects of pH and soil nitrate on both processes, they 
concluded that in 'Pinus radiata, poor mycorrhizal formation at 
pH 8.0 is found for two reasons- inhibition of growth of the fungal 
symbiont in the rhizosphere by pH directly, and inhibition of the 
infection process by high nitrate levels.
Soil pH may not only affect the growth of the vegetative 
mycelium of the fungal symboint. Lamb and Richards (1974) investigated 
the effect of pH on the germination of sexual and asexual spores of 
several mycorrhizal basidiomycetes. Chlamydospores from three 
unidentified mycorrhizal species, oidia from Xerocomus subtomentosus 
and basidiospores from Suiltus granutatuSj Rhizopogon roseolus and 
Pisotithus tinctorius were all tested for germination on a range of 
agars from pH 4.5 to 7.5 at 0.5 pH unit intervals. All spores had 
optimum germination at pH 5.0 to 5.5, further substantiating the 
acidophilic tendency of ectomycorrhizal fungi. The ranges over 
which spores could germinate differed widely however. Chlamydospores 
had the narrowest germination range of between 4.5 and 6.5. Oidia 
had a wider range (pH 4 to 7) and basidiospores the widest (pH 4 to 7.5). 
As new mycorrhizal infection may take place as easily via wind-blown 
spores as via mycelial growth towards a suitable root (Robertson, 1954), 
these results may be of importance in vivo.
Marx and Zak (1965) noted that the substrate pH might 
increase the effectiveness of the mycorrhizal relationship. The number 
of mycorrhizas per centimetre of slash pine {Pinus elliottii var. 
elliottii) lateral root grown with Cenocoecum geophilum and Suiltus 
tuteus remained constant over the pH range investigated (pH 4.0 to 6 .6). 
At the two most acid pH’s. 4.0 and 4.6, however, seedlings were taller, 
had longer lateral roots and weighed far more than those grown at 
pH ’s 5.6 and 6 .6 .
To summarise, it seems that although the relationship 
between pH and mycorrhizal fungal growth in vitro has been routinely 
recorded by several workers, the effects on mycorrhizal formation and 
growth have been only scantily investigated. It has been suggested 
that a high level of soil nitrate is more likely to be the cause of 
inhibition of mycorrhizal formation than high pH per se.
However, throughout the literature to date, only two 
studies {viz. Marx and Zak, 1965; Park, 1971) have used mycorrhizas 
of which the identities of both the fungal and tree symbionts have been
clearly identified. All other work has used the general term "mycorrhiza" 
with no attempt to identify the fungus or, more probably, fungi 
involved. Knowing that ectomycorrhizal fungi are differentially 
sensitive to changes in pH, this seems a major oversight. Thus 
there appears a need for a great deal more work before a clear 
picture of the effects of soil pH on ectomycorrhizas can be 
established.
The following research aims to clarify the situation 
by studying the effects of soil pH in the first instance and, finally, 
acidified rainfall, both on named sheathing mycorrhizal fungi and on 
mycorrhizas in which both the fungal and tree symbionts are identified.
CHAPTER 2
MATERIALS AND METHODS
Introduction
Before attempting a study of the relationship between soil 
pH (or acid precipitation) and Picea sitchensis mycorrhizas, it is 
necessary to choose a range of forest sites to provide suitable 
materials for investigation.
All forest sites chosen must be Sitka spruce monoculture 
stands. Mature stands (20 to 50 years) are preferred, for this is 
an investigation of forest, rather than nursery, conditions. It was 
noted earlier (of. Chapter 1.3) that spruce monoculture stands have 
little or no ground vegetation cover. Thus any mycorrhizas in the 
soils at these sites must be Sitka spruce mycorrhizas - the plant 
symbiont is identified.
Further, all forest sites must be easily accessible from 
the University of Surrey, Guildford, or visited routinely by Forestry 
Commission staff, so that samples can be obtained regularly.
Given these restrictions, sites were further chosen to 
cover as wide a range of soil pH's as possible.
In general, the planting of spruce tends to acidify the 
soil (cf. Chapter 1.3) and the majority of Sitka spruce sites 
available have acid soils with pH's ranging from 3.0 to 5.0. Only 
two sites were found with soil pH approaching neutrality - both were 
included in this study.
Of the remaining acid soil sites, a choice was made on the 
basis of soil type and texture. Two or three lowland sites with 
imperfectly drained brown earth soils were picked. These typified 
local (southern British) conditions and were of particular interest 
to the Forestry Commission. Two Welsh upland sites were chosen -
it was thought that these peaty soils would simulate the Scandinavian 
forest soil type most nearly and thus justify their inclusion in the 
choice of sites.
From each site, soil samples for pH analysis3 mycorrhizas 
and mycorrhizal fungi - both as fruiting bodies and as root isolates - 
could be obtained. Of the sites picked, soils of four were to be 
used further in a greenhouse pot experiment to investigate the 
effects of an acid rain watering regime (of. Chapter 4) . These four 
were:- one lowland site, the two Welsh peaty soil sites and the local 
site with near-neutral soil pH (Friston forest).
It has been stated that soil pH may play an important part 
in both the effect of acid precipitation on the soil (Chapter 1.4.2) 
and the growth of mycorrhizal fungi and mycorrhizas within the soil.
Soil pH is also a criterion for choice of the sampling sites 
described above. Thus, the establishment of a reliable and 
reproducible method of soil pH measurement is essential. Existing 
soil pH methodology is investigated here and a standardised soil pH 
measurement method developed and described.
Pure culture characteristics of mycorrhizal fungal 
isolates obtained from soil sites are fully described in this section 
for two reasons:-
1. Many of the isolates obtained are unidentified. A full 
description enables them to be compared with others in the literature 
and a possible identity assigned.
2. Descriptions of isolates are deemed necessary if these are 
to be used in further experimentation. In the present work, for 
example, culture descriptions allowed an informed choice of isolates
to be made for the greenhouse "acid-rain" pot experiment (cf. Chapter 4). 
All isolates had to exhibit medium to fast growth and to have 
distinctive cultural characteristics. The former encouraged 
successful colonisation of the soil. The latter facilitated
prediction of contamination at the end of the experiment by 
comparing descriptions of the original cultures inoculated with 
those of species re-isolated from the soil at the finish.
Such a comparison of cultures before and after 
experimentation is also necessary for the aseptic mycorrhizal 
synthesis experiments performed in Chapter 2.1.
A description of the methods used for soil and 
fungus collection and characterisation follows.
TABLE 11
Location and Properties of the Six Sampling Sites Used
All sites were within Forestry Commission Sitka 
spruce (Picca sitchensis) stands
Site Location
Age of Stand in Years
Soil Type*
Soil Horizons 
present in 
soil samplest
Soil pH
Number (Date of Planting) A 1 B2
1 Experimental Plot, 
Alice Holt Compound, 
Farnham, Surrey
.16 
(p 1965)
Surface water 
gley over 
gault clay
A , A. 
o ’ 1 4.6 -
2 Willow Green 
Enclosure, Alice 
Holt Forest, 
Farnham, Surrey
53 to 56 
(p 1925 to 1928)
Surface water 
gley over 
gault clay
A , A. 
o ’ 1
B
8
3.2
3.1
3.0
3.7
3 Clocaenog Forest 
North Wales
3.1 Compartment 312 47
(p 1934)
Peaty gley A
0
3.2 3.8
to
3.2 Compartment 315 47 
(p 1934)
Peat €ley with 
ironpan
A
0
3.3 4.4
4 Compartment 6 d 
Friston Forest, 
Sussex
32 
(p 1949)
Renzina on 
chalk
A o » A 1 
(Chalk C horizon 
30 to 40 cm below 
surface)
6.45
7.6 -
5 Compartment 46 
Newborough Forest, 
Anglesey, N. Wales
20  
(p 1961)
Thin Sitka 
spruce litter 
over sand
A0 (only 2 ( 0 3 cm 
deep)
C - No horizons 
present between 
these two
4.3 (A0)
7.3 (C)
6.5
6 New Forest, 
Hampshire
6.1 Rhinefield 1 
Compartment 2 
51c 3
33 
(p 1948)
Imperfectly 
drained 
brown earth
Ao> A^ 
A2 , Bg
3.5 
3.45
3.5
4.3
4.0
4.35
6 . 2 Knightwood 
Compartment 1 
51e 2
42 
(p 1939)
Ground water 
gley
V  Ag
3.2
3.35
3.9
4.15
6.3 Burley New 
Compartment 1 
79c 2
34 to 37 
(p 1944 to 1947)
Podsolised 
brown earth
A0 » A x, A 2
3.4 . 
3.6
3.85
4.6
6.4 Burley New 
Compartment 1 
8 6 a 2
32
(p 1949)
Surface water 
gley
Aq , Ag
3.8
3.75
4.9
4.45
*Soil type as classified by Forestry Commission (Site Studies) data 
tHorizons characterised after Black (1968) - e/Figufie 3  and Pyatt (1970)
Suffix 'g* - gleyed horizon indicated by the addition of this suffix to the A or B notation
1: Method of pH measurement as described in Chapter 2.2
2: Forestry Commission Standard Method of pH measurement (cf page 1 7)
2.1 Choice of Sites and Soil Sampling Methods
Six Sitka spruce {Picea sitchensis) stands were chosen with 
the assistance of the Forestry Commission Site Studies Unit (Alice 
Holt Lodge, Farnham, Surrey) as suitable sampling sites.
Table 11 gives details of the six sites.
At each site, three soil samples, approximately 15 x 15 x
320 cm (length x width x depth) were taken randomly for pH analysis.
3
A further three samples, approximately 25 x 25 x 15 cm were taken 
adjacent to the first samples for the isolation of mycorrhizal fungi.
Before taking each soil sample, all loose litter (the Aqo 
or L litter horizon) was carefully removed. This largely undecayed 
layer contained few feeder roots and was therefore of little use for 
the isolation of mycorrhizal fungi. Also, the loose litter comprised 
mainly Sitka spruce needles which are known to be rich in organic 
acids and easily leached (see Chapter 1.3) and to possess a thick, 
waxy cuticle which is virtually unwettable. Both characteristics 
would have interfered strongly with the pH determination method 
used.
Samples were sealed in black polythene bags and, if not 
used immediately, were stored at 4°C overnight. All soil samples 
were used within 48 hours.
Each sampling site was carefully searched for fungal 
fruiting bodies. If found, these were tentatively identified, their 
location noted and if suspected of belonging to a mycorrhizal species, 
were dug up together with some of the surrounding soil and roots and 
transported back to the laboratory for examination using the same 
precautions described above.
2.2 Soil pH Determination
Each soil sample was treated as follows
Any C horizon included in the sample was removed (except 
for the Newborough site soil - site number 5, Table 11 - where this 
horizon constituted about 75% of the soil sample. In this case, the 
C horizon was separated from 'the rest of the soil sample and its pH 
determined independently). The presence or absence of horizons A 
and B and their general characteristics in samples from each site 
is shown in Table 11.
Soil was then passed through a 2 mm sieve. 50 g of the 
finely divided soil was added to 50 ml of distilled deionised water 
(a 1 : 1 soil : water w/v ratio) in a 500 ml screw-top bottle and 
shaken mechanically for 15 minutes. The slurry so formed was left 
to stand for one hour.
Immediately prior to taking the pH measurement, the bottle 
was vigorously shaken, the slurry decanted into a 1 0 0 ml beaker and 
a pH reading taken while gently stirring.
For each soil sample, the above treatment was replicated 
three times and a mean pH measurement obtained.
An E.I.L. combined glass spear electrode and an E.I.L. meter, 
model 38B, were used for all pH measurements.
B.D.H. buffer tablets with pH values of 4.0, 7.0 and 9.2 
were made up according to manufacturers instructions and used to 
calibrate the system. Recalibration took place between each pH 
reading.
In samples with a high organic matter content, for example 
the Welsh peat-based soils, the sieving stage was omitted for 
practical reasons. In these samples, pH readings were taken only 
of the slurry supernatant.
Comparison of the results obtained using the above method 
with those obtained from routine Forestry Commission soil analyses 
of adjoining soil samples from one of the six plots showed differences 
of up to one pH unit (see New Forest site data, site number 6 ,
Table ll). Further investigation revealed that no standardised or 
widely accepted method of soil pH measurement exists in the literature. 
Individual workers have used their own methods which are often 
poorly detailed (see Table 12)•
Such discrepancies led to an intensive study of soil pH 
methodology in collaboration with the Forestry Commission Site Studies 
Unit. The effect of the following on soil pH measurement was 
investigated•
(1) Alteration of the soil : water ratio.
(2) The use of calcium chloride (CaC^) solution, at 
different concentrations, versus distilled water.
(3) A time interval between mechanical shaking of the 
soil suspension and pH measurement.
(4) Allowing the soil suspension to settle before pH 
measurement versus continuous agitation of the 
suspension during measurement.
(5) The type and make of both electrode and meter used.
Soil pll Measurement - A Survey of Methodology
Soil : Water Ratio
Soil : Salt* 
solution 
ratio
Details of method 
given
Details of meter 
and electrode 
given
Reference
1 : 2.5 - By reference to Ogrn 
below
;r (1975) see Abrahamsen, Bjor, Horntvedt, Tveite 
(1976)
1 : 2.5 - - + Adil, Kathavate, and Sen (1966)
1 : 2.5 1 : 2.5 ++ - Avery, Bascombe (1974)
. 1 : 2.5 1 : 2 ++ + Bache (1970)
- ? - - Benzian (1965)
? ? - - Benzian, Bolton, Coulter (1974)
1 : 1 - + + Cribben, Scacchetti (1976)
? - Reference to Davey 
(1974) pers. comm.
- Denison, Caldwell, Bormann, Eldred, 
Swanberg, Anderson (1976)
? - - - Haugbotn (1976)
1 : 2.5 1 : 2.5 ++ + H.M.S.O. (London) (1977)
1 : 1 - - - Hutchinson, Whitby (1976)
1 : 3 - + - Hutchinson, Whitby (1976)
1 : 2 - + + Lundberg (1970)
1 : 2 1 : 2 
0.2 M KC1
+ + NihlgSrd (1971)
1 : 2.5 - - - Nyborg (1972)
? ? - - Nyborg, Crepin, Hocking, Baker (1976)
1 : 2.5 1 : 2.5 ++ + Ogner (1975)
2 : 1 - - - Ovington (1953)
- 1 : 5 + - Park (1970)
1 : 5 - + - Richards (1965)
1 : 2.5 1 : 2.5 ++ + Rothamsted (Roberts, Smith) (1973)
1 : 1 - + - Scott (1974)
1 : 2 - - - Soderstrom (1975)
1 : 2.5 1 : 2.5 By reference to Ogn 
above
er (1975) see Spencer(1980)
1 : 5 - - - Xheodorou, Bowen (1969)
? ? - ' - Wood, Bormann (1976)
1 : 2.5 1 : 2.5 ++ + Holmes (1980)
1 : 1
(Fresh Soil)
- + + C.E.R.L. (1981) pers. comm.
1 : 2.5 
(Dry Soil)
+ + C.E.R.L. (1981) pers. comm.
* 0.01 M CaCl2 unless otherwise stated 
- Method either not used or not detailed 
? Method used but no further details given 
+ Method or materials described 
++ Method or materials described in detail
(6) Different techniques in preparation of the soil 
suspension. The Forestry Commission method* was 
compared with the method described at the beginning 
of this section.
B.D.H. buffer tablets (as detailed earlier in this section) 
were used to calibrate all the electrode/meter combinations throughout 
these investigations.
The Surrey electrode and meter used were as detailed earlier in this 
section, except for the trials reported in Tables 15 and 16, 
where the E.I.L. combined glass spear electrode was designated 
"Surrey electrode 1" and an E.I.L. screened glass electrode used in 
combination with an E.I.L. calomel reference electrode was designated 
"Surrey electrode 2". The Alice Holt Site Studies Unit used an E.I.L. 
model 7020 meter with an E.I.L. standard combined or dual electrode.
From the results of these investigations, it was concluded 
that all the variations tested affected the pH measurement.
Changes caused by increasing the water : soil ratio 
(Table 13 ) were of the order 0.3 to 0.4 pH units increase per 
10-fold dilution of the soil used. Such increases are caused by the 
purely physical effect of dilution of the H+ ions present and also 
by the creation of more diffuse double layers around the soil 
particles (Russell, 1961). Russell described a negatively charged
*Forestry Commission method:- 50 ml distilled deionised water is 
added to teaspoons of unsieved soil (to give an approximate 
1 : 2.5 v/v soil to water ratio), stirred vigorously with a glass 
rod and left for one hour before taking the pH measurement.
(Forestry Commission Site Studies Unit, pers. comm., 1978).
TABLE 13
The Effect of Altering the Soil : Water Ratio on
Soil pH Measurement
Weight of 
Soil* Used 
(gm)
Volume of Soil : Water
Soil pH
water (ml) Ratio
At Bt
50 50 1 : 1 4.3
4.35
4.1
4.15
50 125 1 : 2 . 5 4.6
4.5
4.3
4.25
50 300 1 : 6 4.65
4.65
4.35
4.35
25 250 1 : 10 4.75
4.70
4.40
4.35
* Soil obtained from an oak plot in Alice Holt 
Forest, Farnham, Surrey
t TA ’ readings made using the Alice Holt meter 
and Surrey electrode combination
t fB' readings made using the Surrey meter and 
Alice Holt electrode combination
All measurements were made in duplicate
soil particle dispersed in water as surrounded by a diffuse cloud of 
cations known as the "diffuse double layer". The more water in the 
surrounding medium, the more diffuse the layer becomes, and the 
greater the pH. Thus, to obtain a soil pH measurement as near to that 
of the original soil as possible, the least amount of water should be 
used to obtain the soil paste. The 1 : 1 soil : water ratio was found 
to be the lowest practical ratio for the soils used.
The use of 0.1 M calcium chloride in place of distilled 
water decreased the pH by 0.7 to 1.4 units (mean 1.05 ± 0.05 units) 
and the more dilute, 0.01 M, calcium chloride by 0.35 to 1.15 units 
(mean 0.8 ± 0.05 units). Table 14 gives details of the pH changes 
involved. Such decreases were predictable. Russell (1961) states 
that the use of 0.01 M calcium chloride lowers the soil pH by 
approximately 0.5 to 0.9 pH units. The rationale for using a salt 
solution instead of water to measure soil pH is that .the salt 
cations and anions intermingle with the cations in the soil* s diffuse 
double layer and make it less diffuse or more compact - they reduce 
the difference in cationic concentration between the neighbourhood 
of the clay surface and the bulk of the solution. The more 
concentrated the salt and the higher the valency of its ions, the 
thinner the double layer and the more nearly the cation concentration 
jus,t outside the clay surface resembles the solution away from the 
clay surface.
Thus the use of a salt like calcium chloride will give soil 
pH measurements as near as possible to those of the undiluted soil.
0.01 M calcium chloride is the usual concentration of salt used,for 
this approximates to the calcium concentration in ’average* soils 
(Russell, 1961).
TABLE 14
The Effect of Calcium Chloride (CaCl2) Used at Two 
Different Molarities, Versus Distilled Water on 
Soil pH Measurement
The ratio of soil to water or calcium chloride 
solution used was 1 : 2.5, unless otherwise stated.
Four combinations of electrode and pH meter 
were used. All measurements were made in duplicate.
Electrode Alice Holt Surrey
Meter Alice Holt Surrey
Alice Holt Surrey Alice Holt Surrey
Mix Slurry Mix Slurry
Distilled Water 4.2 3.7 4.0 3.3
3.9 3.6 3.9 3.6
0.1 M 2 . 8 2.7 2.8 2 . 6
CaCl2 2.7 2.5 2.9 2 . 6
0.01 M 3.1 2.9 3.1 2.9
CaCl2 2.9 2 . 8 3.1 2 . 8
1 : 6 — 4.2 — 3.9
Soil : Distilled 
Water
4.0 3.8
Electrode
<•
Alice Holt Surrey
Meter Surrey Alice Holt
Alice Holt Surrey Alice Holt Surrey
Mix Slurry Mix Slurry
Distilled Water 4.2 3.7 4.0 3.3
4.1 3.7 3.8 3.5
0.1 M 3.0 2.7 2 . 8 2 . 6
CaCl2 3.0 2 . 8 2 . 8 2 .6
0.01 M 3.1 2.9 3.1 2.9
CaCl2 3.1 2.9 3.0 2.9
1 : 6 — 4.2 _ 4.0
Soil : Distilled 
Water
4.0 3.7
pH measurements made in a salt solution are reported 
to be more constant and reproducible than those made in water, 
although this was not apparent in these trials.
The difference in pH readings between the two concentrations 
of calcium chloride used is again explained in terms of dilution, 
the more dilute solution giving a higher pH.
A 2| hour time interval between preparation of the soil 
suspension and pH measurement made little difference to the final 
reading (Table 16). An average decrease of 0.1 pH unit (range 
0 to 0.3 units) was observed, presumably the extra time allowing more 
cations to be released into solution. However, the soil is such a 
well-buffered medium that this has a negligible effect on the 
overall soil pH.
Measuring the pH of a settled suspension as opposed to one 
continually agitated also made little difference to the final pH 
obtained (Table 15). On average, the settled suspension gave
readings of 0.1 pH units (range 0 to 0.25 units) higher than those of
/
the agitated suspension. This is explained by assuming that many 
of the soil particles and their associated double layers will be 
effectively removed from the suspension on settling, and the pH of 
the supernatant will rise. Also, a greater volume of atmospheric 
carbon dioxide may be dissolved in the agitated solution, thereby 
lowering the pH.
The two parameters investigated having the greatest effect 
on the soil pH measurement were 5 and 6 - differences in preparatory 
technique and in the electrode/meter combination used.
The Forestry Commission method of preparating the "Alice 
Holt mix" gave higher readings in the majority of cases than the method 
described earlier in this section for preparing the "Surrey slurry"
The Effects of Technique and Electrode/Meter Combinations on Soil pH Measurement (1)
Electrodet
Soil*
Sample
Alice Holt Surrey 1 Surrey 2
Alice Holt Mix Surrey Slurry Alice Holt Mix Surrey Slurry Alice Holt Mix Surrey Slurry
M 1 M M S2 M S M S M S
A 1
A.2 
A.2
3.7
3.7
3.A5
3.55
3.6
3.7
3.5 3.5
3.9
3.95
A.O 
A.05
3.6 3.65
A 2
A.25 
A.25
3.7
3.7
3.65
3.65
3.75
3.75
3.5 3.5
3.95
3.95
A.05 
A.O
3.6 3.65
A 3
A.2 
A.25
3.75
3.75
3.65
3.65
3.75
3.75
3.55 3.55
3.95
3.9
A.05 
A.O 3.7 3.75
B 1
7.35 
7.A
7.0
7.0
6 .A 
6 .A
6.55
6 . 6
6.A5 6.55
6.9
6.85
7.05
7.05
6 . 8 6.9
B 2
7.3
7.2
7.15
7.15
6.35 
6 .A
6.A5
6 . 6
6.55 6 . 6
6 . 8
6.85
6.95
7.0 6.9
7.0
B3
7.35
7.3
7.05
7.05
6.A5
6.A5
6.65
6.7
6 . 6 6.65
6.85
6.9
7.0
7.05
6 . 8 6.9
C 1
A.05 
A.05
3.55
3.55
3.6
3.55
3.7
3.65
3.A 3.A 3.85
3.85
3.95
3.95
3.5 3.55
C 2
A.05 
A.05
3.5
3.5
3.55
3.55
3.65
3.7
3.A 3.A
3.85
3.85
3.95
3.95
3.55 3.55
C3
A.l
A.O
3.5
3.5
3.55
3.6
3.6
3.7
3.A 3.A
A.O
3.9
A.15 
A.l
3.55 3.55
*A11 soil samples were collected from Forestry Commission Sitka spruce plantations
Samples A^ to A3 were from three sites at Rhinefield, New Forest, Hampshire
Samples Bj to B3 were from three sites at Friston Forest, Sussex
Samples C 3 to C3 were from three sites at Knightwood, New Forest, Hampshire
tAll electrodes were used in combination with an E.I.L. model 38B pH meter (for electrode details 
see text)
1 Mixed continuously while making pH measurement
2 Allowed to settle before making pH measurement
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(Tables 15 and 16). Readings were 0 to 0.55 pH units higher 
(mean 0.26 units). This may be because the Surrey method of 
preparation includes a more vigorous mixing of the soil suspension 
with the result that more cations are released into solution and more 
atmospheric carbon dioxide is dissolved in the agitated solution.
Both these would result in a lower pH.
Table 14 shows that the type of pH meter used makes very 
little difference to the pH measurement obtained. It is the type and 
make of electrode that has the most significant effect. The Alice 
Holt electrode gave higher readings in the majority of cases than 
either of the two Surrey electrodes. The Surrey electrode 1 gave the 
lowest readings with an average of 0.65 ± 0.05 pH units lower than the 
Alice Holt electrode when testing the "Alice Holt mix" soil suspension 
and 0.23 ± 0.08 pH units lower when testing the "Surrey slurry".
Surrey electrode 2 gave averages of 0.4 ± 0.04 and 0 pH units 
lower than the Alice Holt electrode respectively.
Such differences in electrode performance for soil pH 
measurement have not be previously reported in the literature although 
other workers in this field have noted similar effects (Forestry 
Commission/Brunei University pH trials 1974 - unpublished data).
The above investigations led to the conclusion that unless 
the method and equipment used for soil pH measurement by two or more 
workers were the same in every detail, there could be no valid 
comparison of soil pH data between them.
The "Surrey slurry" method of preparation described here 
was found to be the most reliable and accurately reproducible of all 
those tested. It was decided to adopt this as the standard method 
for all future soil pH analyses, thus allowing all figures to be 
validly compared.
2.3 Isolation of Sheathing Mycorrhizal Fungi
2.3.1 Methods of isolation
Three methods of isolation were initially employed 
Method 1: individual mycorrhizas were removed from the soil 
sample using sterile forceps and plated out directly onto a nutrient 
agar without washing. This method follows Laiho's(1970) recommended 
procedure for the isolation of IPaxiHus invoZutus from natural pine 
and birch mycorrhizas.
Method 2: individual mycorrhizas and short lengths of root 
(1 to 2 cm long) bearing mycorrhizas were placed in a 0.003% v/v 
solution of Tween 80 in distilled water and agitated on a Griffin 
wrist-action flask shaker for 15 minutes to remove adhering soil debris. 
Mycorrhizas were then agitated for two periods of 15 minutes each in a 
further two changes of distilled water. After this initial washing, 
they were transferred aseptically to sterile distilled water and 
washed by agitation for 15 minutes. This washing procedure in 
sterile distilled water was repeated a further three times before 
mycorrhizas were plated out onto a nutrient agar.
Method 3: short lengths of root (1.to 2 cm long) bearing 
mycorrhizas were washed initially as described in Method 2.
Mycorrhizas were then surface sterilised by immersion in 30% v/v 
hydrogen peroxide (H2O2 ) for 10 to 15 seconds and washed again by 
agitation for 15 minutes in each of four changes of sterile 
distilled water before plating out onto a nutrient agar.
All aseptic procedures were carried out in a Bassaire 
laminar flow cabinet.-
Mycorrhizas were plated out similarly in all methods of 
isolation. Individual mycorrhizas were cut into two or more 
pieces to expose living tissue and no more than 6 pieces of root
tissue placed on each agar dish to avoid rapid overgrowth by 
contaminants that may have been present.
Isolation plates were incubated at 20°C. Frequent 
microscopic examination of the mycorrhizal pieces was made and any 
obviously non-any cor rhizal fungi, for example Pen'Lc'il'l'Lvm or Tr'LchodeYma spp. 
were removed. Isolation plates were kept for at least 8 weeks to 
allow slow-growing species to appear (Lamb and Richards, 1970).
2.3.2 Isolation media
Two basic nutrient media were chosen for isolation 
purposes - modified Melin-Norkrans medium (MMN) (Marx, 1969, 1975)
(Appendix I), and Taylors medium (TAY) (Taylor, 1974) (Appendix II).
The natural pH of the former medium was 5.6 ± 0.1 (MMN 5.6) and was altered as 
required to pH'4;0 (MMN 4.0) and pH 6.5 (MMN 6.5) .by.the^addition of .sterile 0.1 M 
sulphuric acid or sodium hydroxide respectively (cf. Chapter 3.2,
Table 25). These pHls were chosen to correspond with the extremes 
of soil pH likely to be encountered in this study. This ensured that 
those mycorrhizal fungi that might be strongly adapted to growth 
at the pH of their soil of origin were not selected against by the 
isolation medium. .
Taylors medium contains benomyl, known to inhibit 
ascomycete growth (Taylor 1974). Benomyl was also added to the MMN
medium (5 mg 1 )^ when required.
- 1 .30 yg ml aureomycm, a broad-spectrum bacteriostat
was added to all isolation media.
All media were solidified with 1.5% Difco Bacto-Agar
in standard 8.4 cm diameter plastic Petri dishes.
2.3.3 Isolation trials
Using the above media and all three isolation methods, tests 
were carried out to establish the most successful isolation method and 
agar medium combination.
(A) Isolation method: results from two different soil sampling 
sites (Table 17) show that method 1 was the least successful. This 
method was not used subsequently.
Method 3 was shown to be by far the most succesful method 
in isolating from the Friston forest soil (pH 6.45) and was therefore 
adopted for all future isolations. Method 3 did not appear so 
successful when isolating from the Alice Holt Forest soil (pH 3.2), 
however. This apparent anomaly could be explained in terms of the 
smaller number of root pieces plated thus reducing the statistical 
probability of success and also of the longer period of exposure 
(20 to 25 seconds) to the surface sterilant, hydrogen peroxide, 
that the Alice Holt forest root pieces received owing to experimental 
error.
Method 2 was moderately and reproducibly successful and was 
thus used as a "back-up" method in future isolations. As this 
method does not include the use of a sterilising agent (see Laiho, 1970) it may 
be_less„selective as anisolation method than method 3 above and thus of 
equal value.
(B) Isolation medium: isolation method 3 was used throughout 
these tests. The results, shown in Table 18, indicate that MMN
medium containing benomyl was by far the most effective isolation
medium, giving an average isolation success of 30%. This conclusion
was substantiated by the results of the preceding trial (<2/  Table 17)
where both media containing benomyl (TAY and MMN + benomyl) gave the 
greatest isolation success. Benomyl-containing media were therefore 
used as the major isolation media in all further isolations.
MMN medium at its natural pH of 5.6 was the next most 
successful medium, with the two extreme pH media being least 
successful and having isolation successes of 2.5% or less,
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irrespective of the soil type used. These latter two media were not 
subsequently used. The MMN medium, pH 5.6, was used as the "back-up" 
isolation medium.
The range of isolation success was from 0 to 70% with 30% 
as the best average. This compares favourably with other workers.
Zak and Bryan’s (1963) isolation technique, for example, gave 0 to 50% 
success, whilst Marx and Zak (1964) reported a 0 to 64% success, with 
a best mean of 26%. Lamb and Richards (1970) described isolation 
success ranging from 0 to 40%. However, all the above workers have 
been isolating from mycorrhizas of various species of Pinas, and none 
of them have used hydrogen peroxide as the surface sterilant in their 
isolation method (the most common surface sterilants being sodium and 
calcium hypochlorites and mercury chloride solutions), which may make a 
comparison of isolation success figures invalid.
(C) Isolation from sporocarps: each sporocarp was wiped over 
gently with a tissue moistened in distilled water (to remove adhering 
soil debris) and then in absolute enthanol (in an attempt to surface 
sterilise the sporocarp). Using aseptic technique the sporocarp 
was then cut to expose the internal tissue where the pileus and stipe 
meet (see Figure 7 “ method adapted from How, 1940) and small
portions of this tissue plated out onto MMN agar, pH 5.6, containing 
aureomycin^both with and without benomyl. Plates were incubated 
at 20°C and pure cultures obtained subsequently subcultured onto MMN 
agar, pH 5.6, without aureomycin or benomyl.
All sterile operations were performed in a Bassaire laminar 
flow cabinet.
The majority of sporocarp isolates were of known species 
and could thus be used for comparative and identificatory purposes 
throughout this study.
Figure 7
Diagrammatic Longitudinal Section through a Typical
Sporocarp to show Area from which Tissue is Removed 
for Isolation Purposes
After How, 1940
Small portions of tissue removed 
aseptically from within this area
//// Hymenial surface.
2.4 Characterisation of Fungal Isolates
Using the isolation procedures described in section 2.3, 
eleven named isolates were obtained from identified fruiting bodies 
of potential mycorrhizal fungi (Table 19). Four named isolates 
and 480 unidentified isolates were obtained from mycorrhizal roots 
(Table 20) .
All isolates were subcultured onto MMN agar medium pH 5.6,
(no aureomycin or benomyl added) and strain vigour maintained by
regularly subculturing,every 6 to 12 weeks, onto fresh agar plates 
(after Zalokar, 1965).
Unidentified isolates were assigned a code letter and/or 
number based on their site of origin (see Table 20).
The following were recorded for each isolate:-
(A) Characteristics of the mycelial mat or thallus and its
reverse, including growth rate (after Stalpers, 1978). Colour 
designations were based on Kornerup and Wanscher (1967) .
(B) Microscopic characteristics of the hyphae and any 
propogative structures present (after Nobles 1948, Stalpers, 1978).
At this stage it became obvious that the majority of
isolates from each sampling site had similar characteristics and were
probably different isolates of the same fungal species. Unidentified
isolates were thus sub-divided into eleven groups based on colony
and hyphal characteristics, and a representative isolate chosen at 
random for each group (see Table 21). 9 of these representative
isolates along with 11 of the named isolates obtained from sporocarp 
tissue and 2 isolates obtained from other workers (ef Table 20) 
made up the 2 2 stock cultures used in all further experimentation.
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TABLE 20
Fungal Isolates Obtained from Mycorrhizal Roots of Sitka Spruce (Picea Sitchensis)
Site*
Number
Site Location* Soil pHt
Number
Successful
Isolations
Isolate
Codes
Identity of Isolates^
1 Alice Holt 
Experimental Plot 
Surrey
A .6 2 A1
A 2 -
2 Alice Holt Forest 
Surrey
3.2 AO B -*• S 
T -*■ V -
B 1 B17 
b18
All Thelephora 
terrestvis 
All Cenococcum 
geophilum 
All T. terrestris 
C. geophilum
3 Compartment 312 
Clogaenog Forest, 
N. Vales
3.2 351 C1 c331
l a
1*6 **■ L 21
A C. geophilum 
2 Amanita rubescens 
lBLactarius turpis
A Friston Forest, 
Sussex
6.A5 32 F 1
f3 F32 
Friston5
1 T. terrestris
' 5 Newborough Forest, 
N. Vales
A.3 
(Humus 
Soil) 
7.3 
(Mineral 
Soil)
36
1A
h 16 H15 
N i
n3 n 15
6 New Forest, 
Hampshire
6.1 Kingswood 3.3 3 KV?! -> KW3 All C. geophilum
6 . 2 Burley New 
(Compartment 79c)
3.5 2 BNX
bn2
All C. geophilum
r
Australian
Eucalyptus
- A3 3
Pisolithus^ tinctorius
* Site number and location as detailed in Table 11
+ Soil pH measured according to method described in text (section 2.2 )
1 Isolate, identified by comparison of cultural and hyphal characters
with those of named species in pure culture
2 Isolates of Pisolithus tinctorius kindly supplied by Dr D. Read,
University of Sheffield (1979)
3 Isolate A 3 kindly supplied by Dr G. Thomas, University of Surrey (1977)
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Photographs and/or brief morphological descriptions of 
these 22 stock isolates are given in Plates 1 to 17.
Stock isolates were further characterised by:-
(C) Biochemical tests: ten biochemical reagents were made up 
as specified by Taylor (1974, 1977) and Stalpers (1978) and streaked 
on to thallus surfaces using a sterile pipette. Plates were read 
after 3, 24 and 72 hours incubation at 20°C. Full controls were 
set up simultaneously. Results are shown in Table 22*
No two isolates gave the same reaction with all ten reagents 
which,.taken into consideration with the morphological differences 
already described, was thought to be good evidence that all 2 2  stock 
isolates represented different species (Taylor, 1977).
When the.members of group 10 (see Table 2l), containing 
representative isolate were all tested biochemically using the
above reagents, every isolate reacted identically to 
Unfortunately, lack of time prevented the testing of all members of 
the other groups, which could have supplied good evidence for the 
justification of such a grouping procedure.
(D) Hyphal fusion (anastomosis) tests: to gain positive 
evidence that the fungal isolates in each of the tentative groupings 
outlined in Table 21 were of the same species, and that each group 
represented a different species, hyphal fusion or anastomosis tests 
were carried out.
The hyphal fusion technique has been greatly neglected in 
recent biological research. Buller's (1932) review of hyphal fusion 
work is still the most comprehensive to date, ranging from the 
pioneer work of Mile. Bensaude (1918) to his own observations and 
research on the social organisation of Coprznus species. Bulier 
outlines the major characteristics of hyphal fusions and discusses
(a)
(b)
Plate 1
112 day old thallus of isolate A -^ on MMN agar at 20°C
(a) Surface (x 2/3)
(b) Reverse (x 2/3)
For brief description, see overleaf
Fungal Isolate (<3/ also Plate 1)
Thallus Characteristics
Maximum growth rate 
Odour
Mycelial Cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible Pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial Hyphae
Submerged hyphae
1 . 6 mm week  ^after 92 days
None
None
Uneven. Hyphal tips close, raised 
or distant, submerged, the latter 
giving fimbriate appearance
Zonate. Centre thickly felty giving 
way to finely woolly growth. Outer 
zone floccose
White to yellowish white 
Corn/apricot yellow centre. Pale 
yellow outer. Agar unchanged
None
2.3 pmiange 1.7 to 3.5 pm
Assymetric. Closed,.often sprouting
2.2 x 3.5 pm
1.57
None
Minutely warted surfaces. Terminal 
cystidia abundant, intercalary 
swellings less frequent. Majority 
of septae clamped
Smooth walled but more irregular in 
shape than aerial growth. Terminal 
cystidia and intercalary swellings 
abundant. Many simple septae, often 
ampullate. Clamps appear 2 to 5 
septae back from hyphal tips
Fungal Isolate (not illustrated)
This isolate was supplied for experimental purposes by 
Dr G. Thomas, University of Surrey. His recent and adequate description 
of the isolate (Thomas, 1980) needs no further addition.
(a)
A M A N I T A  
MUSCARIA
(b)
Plate 2
90 day old thallus of Amanita muscaria on MMN agar at 20°C
(a) Surface (x 2/3)
(b) Reverse (x 2/3)
For brief description, see overleaf
Fungal Isolate Amanita musaaria (cf also Plate 2)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible Pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged/marginal hyphae
3.10 mm week ^ after 22 days
Slightly rancid
None
Uneven, feathery or woolly mycelium 
raised to edge
Zonate. Centre thickly felty banded 
by zone of thin woolly growth. This 
gives way to uneven zone of thick 
woolly growth gradually becoming 
floccose, patchy at outer edge
White with pale yellow centre 
Apricot yellow centre. Pale yellowish 
white outer. Agar unchanged
None
2.8 pm,range2.1 to 3.2 pm
Closed, not every septum
2.4 x 4.6 p
1.92
None
Hyaline. Walls verrucose. Hyphae 
uniform with only occasional irregular 
growth and intercalary swelling. , 
Growth dense with interlocking 
appearance to mycelial mat
Hyaline, walls verrucose. Hyphae 
extremely irregular, frequent 
intercalary swelling. Clamps absent 
Distance between septae small compared 
to aerial hyphae. Cells commonly 
sausage shaped or tending to monilidd 
growth.. Hyphae wider than average,
4 to 6 pm diameter
Fungal Isolate, Amanita rubesoens, (not illustrated)
Thallus Characteristics
Maximum growth rate 
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged/marginal hyphae
3.33 mm week  ^after 44 days
Faint
None
Appressed to raised. Uneven. Hyphal 
tips distant giving margin feathery 
or bayed appearance
Uniformly thickly felty with 
farinacecus surface texture. Growth 
thinning towards periphery, becoming 
subfelty then floccose
Centre white. Remaining thallus 
uniformly pale orange white 
Often zonate, alternating bands of 
pale greyish orange and yellowish 
white. Agar unchanged
None
3.2 ynnrange 1.6 to 5.3 ym . 
None
None
Hyaline. Walls verruculose. Hyphae 
extremely irregular, width variable. 
Frequent and characteristic intercalary 
swellings. Swellings usually 2 to 3 
times hyphal diameter, often occurring 
in 3 or more consecutive cells giving 
monilioid appearance
Submerged growth less dense. Intercalary 
swellings smaller, less frequent.
Otherise as above. Marginal hyphae 
more regular, few swellings. Septae 
frequent, usually 20 to 25 pm apart
R
( .Ti l l  I ,i: PI I OR A
12
TERRESTRIS
Plate 3
30 day old thallus of isolate (TheZephova terrestris)
MMN agar at 20°C (x 2/3)
For brief description, see overleaf
on
Fungal Isolate (Thelephora terrestris) (of also Plate 3)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords
Margin
Aerial
Colour (a) Aerial 
(b) Reverse 
Diffusible pigment
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged and marginal hyphae
4.8 mm week ^ after 39 days 
Sour, like ear wax
Yes. . Bright golden brown in colour. 
Always containing 8 or more hyphae 
(range, 8 to 50 hyphae). Average 
width 75.2 ym(range, 57.9 to 173.7 yin)
Uneven, often fimbriate. Submerged 
at first, soon raised. Hyphal tips 
distant
Zonate. Extremely variable. Central 
coarse velvetty growth banded by thick 
felty mycelium. Mycelial cords arise 
from central colony radiating outwards 
towards (but rarely traversing) this 
latter thick band. Outer zone floccose 
giving ttay to submerged margin
Variable. Cream to apricot yellow/ 
yellow ochre
Uniformly tan, black centre
Yes. Golden corn, turning caramel 
brown with age
3.8 yimrange-, 2.8 to 4.6 ym
Closed. Not every septum
5.4 x 2.7 ym
2.0
None
Smooth walled, uniform width. 
Characteristically, clamps on every 
third to fifth septum. Clamps formed 
4 to 6 septae back from hyphal tips. 
Hyphae hyaline to golden yellow
Not as uniform as above, with many 
protruberances and short branches 
along their length. These are so 
formed to give an interlocking 
appearance to mycelium
BOLETUS
Plate 4
30 day old thallus of Boletus sp. on MMN agar at 20°C (x 2/3)
For brief description, see overleaf
Fungal Isolate 'Boletus sp. {of also Plate 4)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio 
Propagative structures 
Aerial hyphae
Submerged/marginal hyphae
4.31 mm week after 42 days
None
None
Uneven, feathery and/or lobed 
appearance. Submerged/appressed growth 
only. Hyphal tips close
Dense, felty centre giving way to patchy 
subfelty mat, occasionally floccose. 
Peripheral growth appressed only.
Often variable
Uniformly sunshine yellow 
Centre cognac giving way to dark golden 
brown as towards thallus periphery. All 
reverse colours masked by pigmented 
agar
Yes, corn yellow in colour
3.2 ym;range 2.3 to 4.6 ym 
None
None
Very dense growth. Two types of 
hyphae exist (of SuiVtus bovinus>
Plate 17):- .
(a) Majority of hyphae hyaline, 
smooth walled, tortuous but of uniform 
width. Simple septae
(b) Randomly distributed, short lengths 
of bright yellow hyphae may continue
at both ends into (a) hyphae
Hyaline to pale yellow, smooth, tortuous, 
often irregular in width.
CENOCOCeUM  
GRANIFORMF*
Plate 5
60 day old thallus of Cenococcum geophzlum on 
MMN agar at 20°C (x 2/3)
For brief description, see overleaf
C e n o c o c c u m  q ran  i f  o r m e (Sow.) Ferd .  & Wi nge  =  
C. g e o p h i l u m  Fr.
Fungal Isolate Cenocoocum geophiVum (of also Plate 5)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords 
Margin
/
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged/marginal hyphae
1.35 mm week  ^after 40 days
None
None
Variable. Always submerged/appressed, 
never raised. Can be even, fimbriate 
or uneven, feathery. Hyphal tips distant 
at first, close with age
Central fine densely woolly growth 
giving way to sparse, woolly and 
finally submerged/appressed mycelium.
Outer zone characteristically "wet" 
in appearance, often silky. Marginal 
growth sparse. Comparative width-.of zones 
very variable
Central woolly growth teak brown.
Outer thallus henna
Centre darkest umber giving way to
henna/burnt Sienna
None
3.4 pm range 1.6 to 5.3 pm 
None
None
Pale to darkest brown, width regular, 
hyphae straight, rarely tortuous.
Walls occasionally smooth, usually 
verrucose, sometimes with large 
wart-like wall ornamentation. Septae 
simple and frequent
Pale brown to hyaline, verrucose as 
above. Width extremely irregular with 
frequent intercalary swellings often 
forming monilioid hyphae. Terminal 
cystidia (allocysts). Septae distant, 
constricted. Tortuous and cuticular 
cell-like growth
Fungal Isolate F^ (not illustrated)
Thallus Characteristics
Maximum growth rate
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio 
Propagative structures 
Aerial hyphae
Submerged hyphae
1.46 mm week after 42 days
None
None
Uneven, often lobed. Hyphal tips 
close, submerged or appressed
Zonate. Centre raised, densely felty, 
overlaid by sparse woolly growth.
Outer zone subfelty to floccose
Variable. Yellow white with
patches of butter yellow, light orange,
apricot and champagne
Clearly zonate. Central olive colour
surrounded by burnt orange band. This
gives way to butter yellow/corn yellow
zone. Outer zone yellowish white.
Agar unchanged
None
3.4 ynmrange, 1.7 to 3.5 ym
Medallion, regular. Sprouting
2.7 x 4.3 ym
1.59
None
Minutely warted surfaces. Very 
uniform, regularly clamped
Smooth walled, irregular. Terminal 
cystidia and intercalary swellings 
common. Hyphae regularly septate with 
clamps appearing 4 to 7 septae back 
from hyphal tips
Plate 6
112 day old thallus of isolate on MMN agar at 20°C (x 2/3) 
For brief description, see overleaf
Fungal Isolate F^ (of Plate 6)
Thallus Characteristics
Maximum growth rate
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial
Diffusible pigment 
Hyphal Characteristics
0.44 mm week  ^after 126 days
None
None
Variable. Appressed or raised to 
edge, never submerged. Can be even, 
fimbriate, hyphal tips close or 
uneven, feathery or lobed
Centre raised, densely felty or 
velvetty, often in discrete mounds 
of growth. Central growth compact. 
Often an outer zone of thin, appressed 
growth with characteristic "wet" 
appearance
Variable. Centre cream with random 
patches-of burnt sienna, tangerine 
and brownish yellow. Outer "wet" 
zone "always yellowish white
None
This isolate was lost from the stock culture collection before hyphal 
characteristics could be recorded.
Plate 7
90 day old thallus of isolate on MMN agar at 20°C
(a) Surface (x 2/3)
(b) Reverse (x 2/3)
For brief description, see overleaf
Fungal Isolate (of also Plate 7)
Thallus Characteristics
Maximum growth rate
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio 
Propagative structures 
Aerial hyphae
Submerged/and marginal hyphae
3.29 mm week ^ after 42 days
None
None
Uneven. Hyphae appressed, soon raised. 
Hyphal tips close
Uniform profusely woolly mycelium 
becoming coarsely felty with age
Central mycelium pale yellow brown. 
Remaining -thallus white.
Distinctly zonate. Centre darkest 
olive brown. Mid zone dark ash blonde 
with patches of pale olive brown.
Outer zone yellowish white
Yes. Yellowish white to pale yellow
2.1 ym. range, 1.7 to 2.9 ym
Medallion, assymetrical
2.5 x 4.2 ym
1.66
None
Very regular, uniform hyphae. The 
majority of septae (not all) are 
clamped. Hyaline.
More irregular in width than aerial 
hyphae, otherwise similar
Plate 8
60 day old thallus of isolate Friston 5 on MMN agar at 20°C (x 2/3)
For brief description, see overleaf
Fungal Isolate Friston 5 (of also Plate 8)
Thallus Characteristics
Maximum growth rate
Odour
Mycleial cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio trucf 
Propagative structures 
Aerial Hyphae
Submerged Hyphae
6.76 mm/week at 11 days 
Strong. Musty,"damp"
None
Uneven, lobed,submerged/appressed only. 
Hyphal tips close?
Central zone sub-felty with random 
felty patches. Outer thallus farinaceous 
with floccose tufts. Whole thallus 
appears patchy
All aerial growth white, submerged/ 
appressed growth appears cream 
Central zone dark cream paling towards 
yellowish white at thallus periphery
None
2.91 ym .orange,, 2.32 to 4.05 ym
Majority closed,' but can be medallion
3.2 x 5.33 ym
1.67
None
Hyphal walls verruculose, majority 
of septae clamped. Hyphae very regular
Hyphal walls smooth. Hyphae highly 
irregular, distorted into abnormal 
shapes, with many intercalary swellings. 
Simple septae occur occasionally. 
Monilioidhyphae common. Hyphae tend 
to form a cohesive layer of cells with 
irregularities of shape closely 
interlocking
IIYGROPIIQROPSIS 
AUR A N T IA C A
Plate 9
30 day old thallus of Hygrophoropsis aurant'iaca on 
MMN agar at 20°C (x 2/3)
For brief description, see overleaf
Fungal Isolate Hygrophoropsis aurantiaca {of also Plate 9)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords
Margin
Aerial
Colour (a) Aerial
(b) Reverse 
Diffusible pigment
Hyphal Characteristics 
Hyphal Width 
Clamp type
Clamp size 
Clamp-ratio
Propagative Structures
10.75 mm week  ^after 14 days 
Faint
Yes, yellow to golden brown. Mean 
diameter 14.7 pm (range 10.5 to 20.0 pm) 
Individual hyphae indistinguishable.
Cord surface often covered in debris
Submerged, less frequently appressed. 
Soon raised. Uneven, feathery or bayed. 
Hyphal tips close
Centre finely woolly, often cottony. 
Growth thin.. Often beaded with pale 
yellow liquid. Outer zone distinctly 
lacunose, covered in sparse floccose 
growth. Sclerotia, up to 2 mm 
diameter, dotted at.'random over whole 
surface
Variable. Centre yellowish white to 
pale cream with random patches of pale 
oak brown. Mature sclerotia tan. With 
age, aerial growth uniformly oak brown 
to cognac
Centre golden yellow giving way to 
straw yellow. Patches of pale beige 
correspond to similar darker, random 
patches of colour in aerial growth
None at first. With age (4 months or 
more) pigment accumulates to give 
uniform dark yellow to raw Siennar 
colour
5.5 pm range 3.7 to 9.5 pm
Variable. Closed. Present majority 
(not all) septae
3.2 x 5.6 pm
1.76
None
Description continued overleaf
Fungal Isolate Hygrophoropsis aurant'Caca (continued)
Aerial and submerged hyphae
Margin
Hyaline to pale yellow, smooth-walled. 
Width irregular. Hyphal tips blunt, 
swollen. Mycelium contains numerous 
unattached spherical to ovoid cells - 
mean diamter 12.9 pm (range 7.4 to 
24.2 pin)- which are thin-walled, 
apparently devoid of cell contents. 
Hyphae surrounding these cells are 
extremely irregular, often monilioid. 
Such cells similar to Nobles’(1948) 
cuticular cells
Hyphae tortuous, width more irregular 
than aerial hyphae with frequent 
swellings, tending towards monilioid 
hyphae. Clamps infrequent. Sphaero- 
cyst-like cells as above
Plate 10
30 day old thallus of isolate on MMN agar at 20°C (x 2/3) 
For brief description, see overleaf
■Fungal Isolate (of also Plate 10)
Thallus Characteristics
Maximum growth rate
Odour
Mycelium cords 
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged/appressed hyphae
7.73 mm week ^ after 20 days
Strong, musty, damp
None
Appressed only. Fimbriate as hyphal 
tips distant. Even.
Uniformly felty with farinaceous texture, 
thinning towards periphery
White to yellowish white
Centre pale apricot yellow paling
towards periphery. Agar unchanged
None
2.3 ymzrange 1*7 to 3.5 pm 
Closed, regular. Not all septae
2.4 x 4.5 - ym 
1.84
Arthrospores, 3.0 x 8.4 yr(range
2.1 - 3.7:'ym_wi'dth, 5.3 - 13.7 ym length)
Smooth walled. Simple septae frequent, 
clamp connexions occasional. Many 
arthrospores, produced singly or in 
twos, rarely in chains
Smooth walled. More granular and 
refractive contents than aerial hyphae. 
Majority of septae clamped.. Mycelium 
very regular, hyphae uniform
Fungal Isolate Laocaria amethystina (not illustrated)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial
(b) Reverse 
Diffusible pigment 
Hyphal Characteristics
4.21 mm week  ^after 37 days 
Faint, rancid, slightly mushroomy 
None
Submerged/appressed only. Evenly 
fringed at first; uneven, feathery 
with age
Uniformly appressed. Characteristically 
"wet” appearance. Centre farinaceous, 
giving way to faintly lacuno's=e outer 
thallus
Colourless at first, developing uniform 
light to greyish violet after 2 weeks. 
After 4 weeks this gradually fades to 
uniform sand/champagne 
Uniformly sand
None
This isolate was lost from the stock culture collection (of Chapter 3.2.4) 
before hyphal characteristics could be recorded.
LACCARIA 
LACCATA
Plate 11
60 day old thallus of Laccarza laccata
MMN agar at 20 C (x 2/3)
For brief description, see overleaf
fy
on
Fungal Isolate LacQaria 'laccata (£/ also Plate 11)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial Hyphae 
Appressed/submerged hyphae
3.57 mm week ^ after 59 days
None
None
Appressed only. Evenly fringed at 
first; uneven, feathery with age
Zonate. Appressed/submerged only. 
Characteristically "wet" appearance. 
Centre farinaceous, lacunose
Centre putty, changing to yellowish 
white and finally colourless towards 
thallus edge
As aerial, but one tone darker. Agar 
unchanged
None
2.5 ymrange 1.7 to 3.5 ym
Medallion. Often irregular, sprouting
3.4 x 6.6 ym
1.94
None
Marginal hyphae narrow (1.9 ym range
1.2 to 2.3 ym). Hyphae uniformly 
septate, clamped. Mature mycelium 
irregular, hyphae wider with many 
terminal cystidia, intercalary swellings 
and typical elbow-like protrusions. 
Clamps often skewed, sprouting. Hyphae 
form dense interlocking mycelial mat
LACTARI US 
RUFUS
Plate 12
60 day old thallus of Lactortus rufus on 
MMN agar at 20°C (x 2/3)
For brief description, see overleaf
Fungal Isolate Lactcanus rufus (of also Plate 12)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae 
Appressed/submerged hyphae
-X
4.62 mm week after 29 days
Bitter, organic 
None
Even, appressed only. Hyphae distant 
giving coarsely fimbriate appearance.
Appressed/submerged growth only. 
Characteristically "wet11 appearance. Centre 
farinaceous. Thallus periphery faintly lacunose
Centre pale apricot yellow darkening 
to Pompeian yellow/caramel brown with 
age. Outer thallus yellowish white 
As aerial but one tone paler. Agar 
unchanged
None
l,3.pmrange 2.3 to 4.6 pa 
None
None
Smooth walled, numerous short side 
branches. Septae occasionally 
ampullate. Hyphal tips usually 
swollen, rounded in older mycelium, 
less so in marginal hyphae. Very 
matted dense mycelial growth forming 
interlocking hyphal mat.
LACTARI US 
TURPI  S
Plate 13
112 day old thallus of Lactarius turpis on
MMN agar at 20°C (x 2/3)
For brief description, see overleaf
Fungal Isolate Laotarius turpis (ef also Plate 13)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial
(b) Reverse
Diffusible pigment
Hyphal Characteristics
Hyphal width
Clamp type
Clamp size
Clamp ratio
Propagative structures
Aerial/submerged/marginal 
hyphae
0.63 mm week  ^after 120 days
None
None
Even. Appressed/submerged, never 
raised. Hyphal tips distant giving 
fringed appearance
Central thin, sub-felty mycelium 
giving way to sparsely floccose and 
finally completely appressed/submerged 
margin
Yellowish white to cream. Outer 
appressed. thallus uniformly light brown 
Centre black, remainder light brown 
giving way to hyaline margin. Agar 
un.changed
None
3.2 pnrange 1.6 to 5.3 pm 
None
None
All hyphae similar. Smooth-walled, 
hyaline to golden brown en masse.
Septae simple, often ampullate. Hyphal 
tips pointed, narrow. Hyphal width 
irregular, intercalary swellings 
present but infrequent
Fungal Isolate N ^  (not illustrated)
Thallus Characteristics
Maximum growth rate
Odour
Mycelial cords 
Margin
Aerial
Colour (a) Aerial
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged/marginal hyphae
2.53 mm week  ^after 42 days
Faint, sweet
None
Even, hyphal tips close. Growth 
appressed only, soon raised
Uniformly densely velvetty to felty, 
often overlaid with sparse woolly 
growth. Raised, discrete thick felty 
mouhds.often appear centrally. Often 
beaded with droplets of colourless 
liquid. Growth thins towards thallus 
periphery
Aerial growth uniformly cream to dull 
yellow. Pale oak brown of reverse 
shows through at periphery 
Centre dark olive brown, outer zone 
khaki to pale oak brown, paling towards 
periphery
None
1.9 grange 1.2 to 2.3 pn 
Medallion, uniform
2.0 x 3.6 pm 
1.80 »
None
Hyaline, smooth-walled. Hyphae straight 
rarely tortuous, angle of branching 
wide. Width extremely regular
As for aerial hyphae, hyphal contents 
more granular
PAX ILL US 
INVO LUTUS
Plate 14
30 day old thallus of Pax'ilZus znvolutus 
MMN agar at 20°C (x 2/3)
For brief description, see overleaf
on
Fungal Isolate Paxiltus 'invotutus (cf also Plate 14)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio 
Propagative structures 
Aerial hyphae
Submerged hyphae
9.20 mm week  ^ at 27 days ■
None until mycelium cut, then strong, 
pleasant fruity organic odour
Yes. Composed of 3 to 12 hyphae (mean, 
6 '. to 8 hyphae) . - Average width
19.3 pm (range 9.8 to 34.7 pm)
Even. Raised to edge
Uniform, profusely woolly mycelium 
compacting with age to form a dense, 
felty coherent mat
Golden brown centre darkening to pale 
caramel at periphery
Oak brown centre fading to golden corn 
periphery. All reverse colour masked 
by heavily pigmented agar
Yes, golden corn darkening to caramel 
brown with age
4.2 pmrange 1.7 to 8.1 pm
Medallion, every septum
6 . 8  x 3.3 pm
2.04
None
Hyaline to pale golden brown. Smooth 
walled, width variable. Clamps , 
typically occur in pairs
Hyaline, more tortuous than aerial 
growth. Clamps closed, rarely 
medallion. Hyphae narrower than
average
PI SQL I THUS 
TINCTORI US
Plate 15
60 day old thallus of TP'isolithus t'tnctovi-us 
MMK agar at 20°C (x 2/3)
For brief description, see overleaf
on
Fungal Isolate ’PisoHthus tinctorius (ef also Plate 15)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords
Margin
Aerial
Colour- (a) Aerial 
(b) Reverse
Diffusible pigment
Hyphal Characteristics 
Hyphal width 
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged/marginal hyphae
6.37 mm week  ^after 5 days 
None
Yes. Bright golden brown in colour. 
Composed of 2 or more hyphae (range 2 
to 50 or more). Average width 16.8 pm 
(range 8.4 to 40.0 pm)
Raised to edge. Even, fimbriate at 
first, uneven giving bayed appearance 
with age
Central dense woolly growth often raised 
to level of dish lid, beaded with 
moisture. Remaining thallus uniformly 
woolly to margin. Aerial growth ■; 
collapses to felty mat on disturbing.
Centre bright greyish orange to apricot. 
Remaining thallus champagne to 
blonde or one shade browner 
Centre very dark brown giving way to 
zone of pale burnt Sienna. All reverse 
colours masked by pigmented agar
Yes. Pale yellow intensifying to 
bright brownish yellow with age
3.5 pm range 2.1 to 4.7 pm 
Medallion, every septum. Often skewed
2.6 x 4.9 pm 
1.87
None
Smooth walled, pale yellow to golden 
brown en masse. Uniform width. Hyphae 
rarely tortuous. Double clamps frequent, 
clamps often sprouting. Mycelial 
cords present.
Hyaline to pale yellow, more granular 
contents than above. No mycelial cords. 
Hyphal width irregular, growth tortuous. 
Hyphae generally narrower than average, 
otherwise similar to aerial growth
SCLERODERMA 
A U R A N T I U M
(b)
Plate 16
60 day old thallus of Scleroderma aurant'iurn on MMN agar at 20°C
(a) Surface (x 2/3)
(b) Reverse (x 2/3)
For brief description, see overleaf
Fungal Isolate Scleroderma ccurantiwn (of also Plate 16)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment 
Hyphal Characteristics 
Hyphal width 
Clamp type
Clamp size 
Clamp ratio
Propagative structures 
Aerial hyphae
Submerged hyphate
2.45 mm weeks  ^after 64 days 
Strong, mushroomy
Yes. Small, composed of 2 to 8 hyphae. 
Mean diameter 9.9 ym(range 7.4 to
15.8 ym)
Appressed to raised. Uneven, giving 
bayed appearance
Uniformly profusely woolly, compacting 
to dense felty mat with age
Centre pale to butter yellow, rest of 
thallus milk to yellowish white 
Centre golden brown paling to gold 
yellow, yellow and finally pale yellow 
at the periphery. Reverse colours 
masked by pigmented agar
Yes, pale yellow
2.8 ymrange 1.7 to 4.1 ym
Closed, sprouting, flat. Often multiple 
clamps. Every septum
2.4 x 4.8 ym
1.97
None
Bright yellow to hyaline in colour.' 
Walls verruculose. Growth regular, 
uniform
Hyaline only, smooth walled. Irregular 
with tortuous growth, many short side 
branches. Fewer multiple clamps 
than aerial hyphae
SUILLUS
BOVINUS
Plate 17
30 day old thallus of SuiHus boV'inus on
MMN agar at 20°C (x 2/3)
For brief description, see overleaf
Fungal Isolate SwiVLus bovvnus (of also Plate 17)
Thallus Characteristics 
Maximum growth rate 
Odour
Mycelial cords
Margin
Aerial
Colour (a) Aerial 
(b) Reverse
Diffusible pigment
Hyphal Characteristics
Hyphal width - Aerial
Submerged
Clamp type 
Clamp size 
Clamp ratio
Propagative structures 
Aerial Hyphae
Submerged/marginal hyphae
5.28 mm week  ^at 22 days 
Faint, sour
Yes. Diameter 11.2 ym (range 4.6 to 16.2 ym) . 
Composed of 3 to 6 hyphae
Submerged/appressed only. Even.
Hyphal tips close
Zonate. Inner zone thick, felty, often 
beaded with amber-coloured liquid.
Outer zone sparse, appressed growth with 
random floccose patches
White. With age, random patches of 
cinnamon brown appear
Central zone sand to pale orange giving 
way to cream and finally colourless 
periphery.. Colour fades with age giving 
uniform dark cream reverse. Agar 
unchanged
None
2.6 ym(range 1 . 2 to 4.6 ym)
3.1 ym(range 1.7 to 5.2 yin)
None
None
Very dense growth. Two types of hyphae 
exist:
(a) The majority of hyphae are hyaline
to pale yellow, smooth-walled. Extremely 
tortuous growth, many side branches.
Width irregular, frequent intercalary 
swelling. Septae often ampullate.
These hyphae form mycelial cords. Cords 
have characteristic "nodular" appearance
(b) Hyphae associated withrrandom patches 
of thallus colour (see above). Dark 
yellow, septae always ampullate. Limited 
branching, often densely granular. These 
hyphae may continue at both ends into 
type (a) hyphae
Growth sparse. Hyphae wider than aerial,growth, 
very irregular width. Frequent side 
branches. MonilicJd hyphae common
Table 22
Biochemical Characteristics of Stock Fungal Isolates
Isolate
Reagent*
1 2 3 4 5 6 7 8 9 10
A1
(+)
yellow (+) + 4 - - - -
A3
Amanita rubescens (+)
yellow - -
+
+ + - 4 - - -
Amanita muscaria - - - + + 4 4 - - -
B12 '
(+)
purple
- - - - -  - -
Boletus sp (+)
purple
- - - - - - 4 - -
Cenococcum geophilum
+
green -
- + - 4
24 hr
4
24 hr
h - - - - (+) - -
F4
F27
- - - +24 hr + 4 4 - - -
Friston-5 - - (+)
+
+
+ (+) (+) - - -
LH
(+)
yellow - - - -
- - - -
Laccaria amethystina
Laccaria laccata (+)yellow -
- - + 4
4
72+hr
- - -
Lactarius rufus (+)yellow - -
+
+ + -
t .
24 hr
- - -
Lactarius turpis - - - - - -
N13
- - - + (+)
4
24 hr (+)
- - -
Paxillus involutus (+)yellow - -
. + +
4
4 - - - -
Pisolithus tinctorius
+
+ - - - -
(+) 
24 hr -
Scleroderma aurantiwn (+)yellow -
+
+
72 hr (+)
4 (+) - - -
Suillus bovinus - - -
+
24 hr
4 4 - - - -
Eygrophoropsis aurantiaca tyellow
_
- + - - -
*Reagent Key
1 10Z Potassium hydroxide
2. 50Z Ammonia solution
3 10Z Ferrous sulphate
4 a Napthol (Laccasc test)
5 0.4Z Hydrogen peroxide/lZ Pyrogallol (Peroxidase test)
6 P-cresol (Tyrosinase test)
7 0.25Z Catechol (Catecholoxidase test)
8 0.06Z Fcrulic acid
9 P-Nitrophenyl phosphate/sodium fluoride (acid
phosphatase-fluoride stable test)
10 Indoxylacetate/sodium fluoride
(Esterase-fluoride stable test)
► Reagents in distilled water (after Lange and Hora, 1975; Stalpers, 1978)
After Stalpers, 1978
 ^ After Taylor, 1974. 1977
the possible use of the technique in the identification of unkown 
fungal thalli. Such a use would seem to be of great relevance in 
mycorrhizal research where so many workers stress the difficulty 
in identifying fungal species isolated from mycorrhizas (Zak and 
Bryan, 1963; Trappe, 1967; Zak, 1969, 1973). However, only a 
few workers in this field to date have actually used the hyphal 
fusion technique (Rayner and Neilsen-Jones, 1944; Lamb and Richards, 
1970).
Buller (1932) states that the true fusion of hyphae from 
different thalli is evidence that the two thalli are of the same 
fungal strain. More recently, Watling (pers. comm., 1978) stated 
that the fusion of two clamp-bearing hyphae with no resultant lysis 
is positive proof that the hyphae are of the same species. The 
majority of fungi isolated in the present study have been clamp-bearing 
basidiomycetes (i.e. dicaryotic mycelia) and will give purely 
vegetative fusions between hyphae (Buller, 1932).
Hyphal fusion tests were performed in slide culture using 
the method of Kohler (1930) modified by Palmer (1969) as follows:-
A sterile moist chamber was prepared by adding sterile 
distilled water to three or four overlapping sterile cellulose 
filter papers in the bottom of a glass petri dish. A sterile glass 
slide was placed in the moist chamber and 2 ml molten MMN agar 
pipetted evenly over the slide. Once the agar solidified, a piece 
of sterile cellophane, 4 x 2  cm, was placed on its surface. The 
prepared slide was aseptically inoculated as shown in Figure 8 , 
using 0 . 6 cm diameter plugs cut from the peripheries of thalli to 
be tested.
Figure 8
Method of Inoculation of Slide Cultures for use in
Hyphal Fusion (Anastomosis) Tests 
Modified from Palmer, 1969
A
B ’ . * • • . ...
C * * • ‘ ♦ * •• *. * . • .
* * « * • • *••• * *
. • • * • • • •• • • • • •••• . • • • • • ••• •
Scale:- Let 1 inch represent 2 cm
A - Sterile glass slide covered in 2 ml 
MMN agar.
B - Sterile cellophane.
C - Inocolum plug of fungal isolate to 
be tested. See text for further 
details of tests.
The combinations of isolates tested are shown in Table 23 
Duplicate slides were set up for each pair of isolates tested. One 
of the inoculum plugs tested on each slide was always from a named or 
stock isolate. ’Control* slides were set up pairing each stock 
isolate used with itself - if no intra-isolate fusions occur then it 
is unlikely that inter-isolate fusions and consequent identification 
could take place.
All slides were incubated in the moist chambers at 20°C 
until opposing mycelia were just beginning to meet in the centre of 
the slide (20 to 30 days for the isolates tested here). Meeting 
hyphae were microscopically observed using phase contrast at 
intervals of 6 hours until the slides were too overgrown to allow 
hyphae to be traced back to parent inoculum plugs. Growth was slowed 
overnight once observation began by incubating at 10°C.
Preliminary results are shown in Table 23 • Figures 9 and 10
illustrate characteristics of the hyphal fusions observed.
It was concluded that this technique, although demanding 
exacting and lengthy observation, is extremely successful. The 
method used encourages fungal growth in one plane (across the cellophane 
surface) making hyphal fusions easier to observe. It also allows 
observations at high magnification (up to x 1 0 0 0 , using oil immersion) .
Both advantages are lacking in Buller*s (1932) original agar-drop
slide method for observing hyphal fusions.
In all the slide cultures made where hyphal fusions were 
noted (especially those inoculated with isolates from identification 
grouping 10, cf Table 21) they were easily observed between the 
younger hyphae in the centre of the slide. This was directly 
contrary to Buller’s (1932) and Palmer’s (1969) observations that 
fusions tend to take place in the-older portions of mycelium and
TABLE 23
Hyphal Fusions (Anastomoses) between Stock Fungal Isolates
Fungal Isolate Pairs Tested*
Hyphal Fusions (Anastomoses)
Observed Not Observed
Ln v L n X
Ln v h X
Ln v L6 X
Lu v L 12 X
hi v L 13 X
hi v L1A X
hi v L 15 X
hi V L 16 X
hi v L 17 X
hi v L 18 X
hi v L 19 X
hi V L20 X
h i v L 21 X
hi v Lactarius rufus X
L. rufus vL. rufus X
hi v B12 X
B12 v B12 X
L11 v Laccaria laccata X
L. laccata vL. laccata X
hi v F3 F3 not grown
F3
v F3 No growth
hi v Cenococcum geophtlum X
C. geophilum vC. geophilum X
Suillus bovinus v S. bovinus X
h v Aj X
* Hyphal fusion or anastomosis performed as described
4 : 6  p  |
16
Figure 9
Hyphal fusions (anastamoses) between stock fungal isolates I
(a) v L-jj (control) rshowing peg production and subsequent fusion
(b) L;q  v L n  (control) showing peg attraction - no fusion has yet 
occurred
(c) L^i v showing frequent peg-to-peg fusion
(d) L]^ v showing peg-to-peg fusion
NOTE: the proximity of the hyphal tip to the anastomoses inlboth (c) 
and (d) . These anastomoses took place in young portions of the 
mycelium.
Figure 10
Hyphal fusions (anastamoses) between stock fungal isolates II
(a) lactarius rufus v L. rufus (control) - apparent tip to side fusion
(b) L n  v showing the common phenomenon of hyphal attraction. Two 
or more hyphae. are attracted together and will grow in close 
proximity, parallel to each other, for relatively great distances. 
Peg-to-peg fusions may (illustrated here) or may not take place 
between hyphae
(c) B^2 (Thelephora terrestris) v B-j^  “ apparent tip to side fusion, a 
common phenomenon in this isolate
(d) B12 v B12 “ tip to peg fusion
are therefore difficult to record. The apparent anomaly may be 
explained by the use of different fungal isolates or by differences 
in method and technique.
Lack of time prevented further hyphal fusion tests from 
being made. Only those isolates in identification grouping 10 were 
proved positively to be of the same species and distinct from the 
species represented by the other groupings tested.
CHAPTER 3
SYNTHESIS AND GROWTH EXPERIMENTS
3.1 Aseptic Synthesis of Sheathing Mycorrhizas
3.1.1 introduction ' l
Aseptic synthesis-is the method used to prove; that an isolate 
obtained from a mycorrhizal root is indeed the mycorrhizal fungus.
By growing the isolate and ai:host plant root;:system'.together 
under aseptic conditions and comparing any resulting mycorrhizas 
formed with the original, Koch's postulates are traditionally 
fulfilled (King, 1952).
The pure culture’synthesis of a mycorrhiza does not 
necessarily prove that such an association occurs naturally (Zak, 1973; 
of Chapter 1.2.4). Several workers have synthesised sheathing 
mycorrhizas with no evidence of their occurrence in vivo 
(Modess, 1941; Norkrans, 1949; Bryan and Zak, 1961, 1962; Grand, 1968, 
Hackskaylo: and Bruchet, 1972; Riffle, 1973). Others, comparing 
synthesised and naturally occurring mycorrhizas, have found great 
similarity in morphology between the two types. Examples are the 
mycorrhizas of Pinus syZvestris/Lactarius rufus and Pinus sytvestris/ 
Rhizopogon roseoZus (Pachlewski, 1967); Pinus syZvestris/"E-strain" 
fungus (Mikola, 1965) and those of PaxiZZus inVoZutus (Laiho, 1970).
Some workers, however, have noted differences in the 
microscopic appearance of synthesised and natural sheathing mycorrhizas. 
How (1941) described abnormal synthesised mycorrhizas of Larix decidua/ 
BoZetus eZegans having grossly overdeveloped sheathes and cortical 
cells widely separated and buried in the sheath tissue. Thomas and 
Jackson (1979) observed similar characteristics in synthesised 
mycorrhizas of Picea sitchensis and attributed this to the presence
of glucose in the nutrient medium used. With glucose in the medium the 
fungus does not depend on the seedling for a supply of carbohydrate.
The balance of the symbiotic relationship is thus altered in favour 
of the fungus which can then actively invade the root tissue 
(Thomas, 1980).
The inability of a fungal isolate to form mycorrhizas 
in vitro does not prove that it is incapable of doing so in vivo. The 
conditions for mycorrhizal formation may be simply incorrect,
3.1.2 Preparation of aseptic Picea sitchensis seedlings for
synthesis experiments
Aseptically germinated P. sitchensis seedlings were obtained 
using a modification of the surface sterilisation method described 
in Chapter 2.3.1 (method 3) for the isolation of mycorrhizal fungi.
This method was modified according to Trappe (1961) who recommended 
shaking seeds in the 30% v/v hydrogen peroxide for 30 minutes for 
effective surface sterilisation. After washing, seeds were plated 
onto 0.6% w/v tap water agar and incubated at 20°C.
Plates showing bacterial or fungal contamination were 
discarded. Seedlings were ready for use when a tap root 
approximately 3 cm long was produced (Marx and Zak, 1965) and the 
first needles were emerging (ea.two weeks).
Sterile seeds were obtained by terminating the above 
procedure after washing.
3.1.3 Tube culture synthesis 
Method
Tube culture syntheses were carried out using the method 
of Thomas and Jackson (1979), a modification of Mason's (1975) 
technique.
This method was further modified by:-
(a) the exclusion of glucose from the growth medium. This was 
recommended by Thomas and Jackson (1979) and Thomas (1980) in order 
that synthesised mycorrhizas should resemble their natural counterparts 
more closely;
(b) the alteration of the growth medium pH. To ascertain whether 
the initial pH of the medium has any effect on the formation and 
subsequent development of the mycorrhizas, the agar was adjusted to two 
different pH's, 3.0 and 6.0, using the method described in Chapter 3.2.2.
Tubes of each pH were inoculated (of Chapter 3.2.2 for 
inoculation details) with one plug from each of five fungal isolates. 
Isolates used were A^, ^3 *- and Laccaria laccata. An aseptic
P. sitchensis seedling was placed next to each fungal inoculum.
Control tubes were set up simultaneously using inoculum 
plugs obtained from a plate of sterile MMN agar.
Each fungus/pH combination was replicated five times.
Inoculated tubes were randomised in a light cabinet (light 
intensity 2 2 0 0 lux, photoperiod 18 hr) and* •examined regularly for 
mycorrhizal development during the experimental period.
On harvesting, seedling roots were excised and mycorrhiza 
formation assessed as described in Chapter 4.3.6. Transverse root 
sections were cut and examined as described in Chapter 4.3.7.
This experiment was performed twice to verify results.
Results
No mycorrhizas were formed.
Fungal growth was generally good, mycelium growing towards 
and over the seedling root system in all but two cases. Isolate 
showed particularly vigorous growth, the mycelial weft obscuring the 
whole agar surface. However, root squashes and sections failed to 
reveal any signs of mycorrhiza formation. Isolates A^ and
Laccaria laccata did not grow in tubes of pH 6.0.
Seedling growth was extremely variable. In some cases, the 
root system developed well but did not penetrate the agar. These 
roots soon dried out, resulting in seedling death. In other cases, 
continued tap root growth appeared abnormal. The root became stunted 
and swollen. No laterals were produced. Seedlings in this condition 
soon died. Of the remaining viable seedlings, most produced root 
systems penetrating into the agar. In all cases, however, fungal 
isolates were strictly limited to raised or appressed growth and hence 
did not contact the roots.
Discussion
The failure of this technique as a method of mycorrhizal 
synthesis was attributed primarily to the nature of the substrate 
used.
Following the methods of Mason (1975), the nitrogen level 
used in the nutrient medium was 200 ppm (cf Appendix III) . Ingestad 
(1959), however, recommended only 50 ppm nitrogen as the level for 
optimal root growth in Picea abies. High levels of nitrogen 
particularly as nitrate, have also been shown to inhibit mycorrhiza 
formation (Richards, 1961; Theodorou and Bowen, 1969; Bjorkman, 1970). 
Thus the composition of the nutrient medium used may be unsuitable for 
mycorrhizal synthesis.
The poor penetration of seedling roots into the nutrient 
agar in several cases indicates that the percentage agar used (1% w/v) 
was too great. Perhaps a softer agar, for example, 0.5% w/v, would 
be better in future experimentation.
Boggie (1974) showed Picea sitchensis seedling roots to be 
sensitive to low levels of oxygen in the medium. Root growth is 
severely restricted below an oxygen level of 1 0%, and arrested completely 
at 3% oxygen or less. The agar medium used in this synthesis experiment
contains low levels of oxygen, perhaps another reason for poor root 
growth. It would be interesting to investigate whether aeration of 
the nutrient medium could improve the success of this 'technique.
Watling (1963), for example, suggested the inclusion of paper.pulp 
to increase both aeration and texture of an agar medium for fungal 
growth. Such a method may also benefit root growth.
Fungal growth throughout the experiment was generally 
good, often overgrowing the seedling root system. It might be 
advantageous to curb fungal growth by removing glucose and other 
non-assimilated nutrients from the inoculum plug by rinsing it in 
sterile distilled water before use (after Marx and Bryan, 1965).
This will ensure that both fungus and root are growing at a similar 
steady pace, such being conclusive to mycorrhizal formation .
(Wilcox, 1968). It will also mean that the balance of the symbiosis 
is not altered in favour of the fungus (of Chapter 3.1.1).
The pH of the medium had little effect on either fungal 
or seedling growth. Picea sitchensis seedlings are formed.naturally 
in soils of pH ranging from 3.2 to 7.3 {cf Table 11 ), so that the two
pH's used here should not have been inhibiting to all mycorrhizal 
formation.
The pH of Mason's (1975) original nutrient medium was 5.4 
(Mason, pers. comm., 1978). Both Mason (1975) and Thomas and Jackson 
(1979) have succeeded in synthesising mycorrhizas on this medium.
Slight variations in nutrient complement can be expected between 
different pH levels where no buffering system is employed (Marx and 
Zak, 1965; Munro, 1970; Giltrap and Lewis, 1981) . However, the difference in 
composition between the original medium and that used here, in particular the 
medium adjusted to pH 6.0, would be small and was not thought to contribute to 
experimental failure.
3.1.4 Flask culture synthesis 
Introduction
Melin (1921) first developed the flask culture technique 
for aseptic mycorrhizal synthesis using a substrate of sand moistened 
with nutrient solution. In 1949, Norkrans suggested a modification 
of Melin's nutrient solution and, more recently, Hacskaylo (1953) 
recommended the use of Terra-lite (vermiculite) in place of sand to 
increase the aeration and water-holding capacity of the substrate.
Marx and Zak (1965) showed that vermiculite moistened with MMN 
nutrient solution buffered the substrate at pH 6.4 to 6.7 after 
autoclaving regardless of the original nutrient solution pH. They 
suggested that this shift in substrate pH towards neutrality might 
explain why certain acidophilic basidiomycetes fail to form mycorrhizas 
in vermiculite substrate synthetic culture tests. They recommended 
instead the use of a peat moss/vermiculite/nutrient solution mixture 
which was shown to have a stable pH. The pH could be changed by 
altering the ratio of peat moss to vermiculite.
The peat/vermiculite substrate has been used successfully 
by Thomas (1980) for mycorrhizal syntheses using fungi isolated from 
the roots of nursery grown Picea sitchensis seedlings. It is used 
here to attempt syntheses using the 2 2 stock fungal isolates obtained 
from roots of,mature P. sitchensis (of Chapter 2.4).
Method
500 ml wide necked Erlenmeyer flasks were filled with a 
mixture of 300 ml vermiculite, 10.5 ml finely divided peat moss and 
150 ml nutrient solution. The nutrient solution used was either 
Ingestad's (1971) inorganic salts medium with a phosphorus level of
6.5 ppm (ING.) (Appendix III) and 100 pg 1  ^thiamine hydrochloride 
added or MMN medium (Appendix I) with a glucose level of 2 g 1 
The peat moss was divided by passing through a sieve of mesh size 2 mm.
Flasks were plugged with non-absorbent cotton wool and 
-2
autoclaved at 15 lb in for 30 minutes. On cooling, each flask was 
inoculated with an aseptic Picea sitchensis seedling and a 0.6 cm diameter 
agar plug of the test fungus (Plate 18).
Fungal plugs were cut from the edge of an actively growing 
thallus and incubated for 7 days at 20°C on fresh MMN agar plates prior 
to inoculation. This ensured that vegetative growth had already begun 
and also allowed plugs to be screened for contamination.
At first, both fungal plug and seedling were placed in 
close proximity on the substrate surface. In all cases, both plug and 
seedling rapidly dried out. Thus, in further experiments, two fungal 
plugs were inoculated per seedling and both plugs and seedling root 
were buried in the top 2 cm of the substrate.
Control flasks were set up simultaneously using inoculum 
plugs obtained from a plate of sterile MMN agar.
Six synthesis flasks were set up for each fungal isolate.
Inoculated flasks were randomised,'incubated, harvested 
and examined as described in Chapter 3.1.3.
Results
Results are shown in Table 24 • Transverse sections 
and sheath surface views of mycorrhizas formed between Picea sitchensis 
and isolates of (Thetephora terrestris), Cenococcum geophitum and
Laccaria laccata respectively are illustrated in Figures 11 to 16 . 
Mycorrhizas produced by these three isolates were abundant. The 
nutrient medium used had no apparent effect on mycorrhizal morphology.
Mycorrhizas formed with the other fungal isolates were 
identified by root squash preparations only. In these cases, 
mycorrhizal formation was so sparse that when remaining lateral roots 
were sectioned, none were revealed as mycorrhizal.
Plate 18
Aseptic synthesis of Picea sitchensis mycorrhizas using the 
flask culture technique and a peat/vermiculite/nutrient
medium substrate
Table 24
Results of flask culture synthesis of P. sitchensis 
mycorrhizas using stock fungal isolates
Nutrient Solution Used*
Fungal Isolatet Experiment 1 
ING
Experiment 2 
ING
Experiment 3 
MMN
A 1
_ la M ,1
Amanita muscaria - 1 1 , 2
Amanita rubescens - M,1 /
b 12 - M,1 M, 1
Boletus sp 2 2 /
Cenococcwn geophilum M 1 /
F3 - M M
f4 2 - -
*5 / 2 2
f27 - M, 1 /
Friston 5 2 1 /
Hygrophoropsis aurantiaca 
l9 2 2
L 11 2
- 1 , 2
Laccaria amethystina - M, 1 /
Laccaria laccata - M, 1 M, 1
Lactarius rufus - - /
Lactarius turpis - - -
N13.
- - 1 , 2
Paxillus involutus - 1 ,2 1 , 2
Pisolithus tinctorius - 1 /
Scleroderma aurantium - 1 1
Suillus bovinus - - /
Control — — —
t of Chapter 2.4 for isolate descriptions
* see text for details
a KEY
- no mycorrhizas formed 
M Mycorrhizas formed
1 Good mycelial growth throughout substrate
2 Distinct sheath formed, no further mycorrhizal
development
Figure 11
Transverse section of Picea sitchensis/isolate B^2 
(Thelephora terrestris) mycorrhiza (x 1200) 
S=Sheath; H=Hartig net; IH=Intracellular hypha; T=tannin cell
Figure 12
Surface view of sheath of Picea sitchensis/isolate B12
Figure 13
Transverse section of Picea stichensis/Cenococcum geophitum
mycorrhiza (x 1200)
S=sheath; H=Hartig net; IH=Intracellular- hypha; T=tannin ce
Figure 15
Transverse section of Picea sitchensis/Laccaria laccata
mycorrhiza (x 1200)
S=Sheath; H=Hartig net; T=tannin cell
T
Figure 16
Surface view of sheath of Picea sitchensis/Laccaria laccata
mycorrhiza (x 1200)
Seedlings grown in the peat/vermiculite/MMN medium appeared 
generally more vigorous than those grown in the peat/vermiculite/
Ingestad's medium, having a healthier, bluer needle colour and more 
extensive root'systems.
Discussion
Zak (1973, 1976) stated that sheathing mycorrhizas could be 
broadly classified by the identity of the fungal symbiont alone - a 
single fungus would form morphologically similar mycorrhizas 
irrespective of the plant host species.
The mycorrhizas synthesised in this experiment appear to 
support Zakfs statement. Mycorrhizas synthesised with isolate 
for example, are similar in section and sheath structure (Figures 11 
and 12 ) to those described for Thelephora terrestris by Thomas and 
Jackson (1979) using Picea sitchensis, and to naturally occurring 
mycorrhizas of T. terrestr is/Pinus strobus (Fassi and Fontana, 1966) 
and T. terrestris/Pinus rigida (Marx and Davey, 1969). The close 
similarity between mycorrhizas of an^ 2*. terrestris is additional 
evidence of the isolate's identity (cf also production of characteristic 
fruiting bodies in C.E.R.L. pot experiment, Chapter 4.1).
In section, mycorrhizas of Cenococcum geophilum (Figure 13) , 
closely resemble those synthesised by Hatch (1934) with Pinus strobus and 
by Mikola (1948a) with birch (JBetula verrucosa). The sheath 
structure (Figure 14) is characterised by the typical pallisade
arrangement of hyphae as described by both Hatch (1934) and Trappe 
(1969).
Synthesised mycorrhizas of Laccaria laccata (Figures 15 and 16) 
appear very similar to those.described by Thomas and Jhckson (1979) using the same 
plant host species and to naturally occurring L. laccata/Pinus strobus 
mycorrhizas (Fassi and Fontana, 1966).
In all the above cases, the similarity between synthesised 
and natural mycorrhizas would seem to refute Zak's (1973) theory 
(cf also Chapter 1.2.4) that synthesised mycorrhizas are often 
morphologically dissimilar to their natural counterparts and that 
their study is therefore irrelevant. TheZephova terrestris^
Cenococcum geophiZum and Laccaria Zaccata have all been previously 
recorded as mycorrhizal with Picea sitchensis (Thomas and Jackson, 1979; 
Alexander, 1971). Neither of the two remaining named isolates shown to 
be mycorrhizal with P. sitchensis in this experiment, namely 
Amanita rubescens and Laccaria .amethystina9 has been so recorded 
before. Modess (1941) reported aseptic synthesis between 
Amanita rubescens and Pinus strobus but noted that the fungus did not 
form mycorrhizas in pure culture with spruce (Picea abies) . Meyer (1963) 
noted and described naturally occurring mycorrhizas of 
Laccaria amethystina with beech but considered this fungus to be 
primarily a saprophytic organism. Trappe*s (1962) list records 
neither Amanita rubescens nor Laccaria amethystina as.possible 
mycorrhiza formers with Picea sitchensis.
Many of the fungal isolates, irrespective of the nutrient 
medium used (Table 24), formed a thick sheath around seedling long 
and short roots with no penetration of the root tissue, i.e. no 
Hartig net formed. By definition, such structures cannot be regarded 
as mycorrhizal. This phenomenon was also recorded by Thomas and 
Jackson (1979) and attributed to the presence of glucose in the medium 
producing anomalous results. In this experiment, however, glucose 
was only used in the MMN medium, and then at low level (2 g 1 \  
compared to Thomas1 and Jackson*s 10 g 1 ^), suggesting that its 
presence only partially explains the failure of mycorrhiza formation 
in such cases.
MMN medium has a lower nitrogen content than that of 
Ingestad's which may account for the healthier appearance of seedlings 
on this medium (cf Chapter 3.1.3, discussion).
It would be interesting to investigate whether alteration 
of the substrate pH, as outlined by Marx and Zak (1965), would increase 
the number of isolates forming mycorrhizas. The pH of the substrate 
used here varied between 4.8 and 5.2. Harley (1969) stated that the 
slow rate at which certain basidiomycetes grow in pure culture may be 
indicative of their obligate symbiotic nature. Such fungi might be 
expected to require specific environmental conditions before growth 
and mycorrhizal formation could occur. Thus, the culture substrate 
pH may be important for mycorrhizal formation in those slow growing 
isolates like A^, and Lactarius turpis whose optimal growth pH's 
in pure culture have been shown to fall outside the substrate pH 
range (cf Chapter 3.2).
By the above reasoning, alteration of the substrate pH 
may also increase the percentage of mycorrhizas formed which at present 
seems very low. Only TheZephora terrestris^ Cenococcum geophilum and 
Laccaria Zaccata produced abundant mycorrhizas and these three species 
are often regarded as facultative mycorrhizal fungi (Mikola, 1948a, 
1970). All three have been shown tolerant to a wide pH range in 
pure culture (Chapter 3.2).
To summarise, the flask culture technique was more 
successful than the tube culture method. Seedling growth was 
uniformly good, a definite improvement over tube culture. There 
appeared little difference in mycorrhiza formation and morphology 
between the two different nutrient media used. Unfortunately, 
mycorrhiza formation was often sparse. More mycorrhizal material 
could be obtained by increasing replication. Synthesised mycorrhizas
closely resembled their natural counterparts thus accentuating the 
usefulness of this technique in mycorrhizal research.
In all sheathing mycorrhizas it is the fungal sheath 
tissue that is in direct contact with the soil or other external 
substrate. Thus the response of the fungal symbiont to changing 
soil conditions may be of importance to the continued healthy 
growth of both the mycorrhiza and the host tree.
One of the major effects of acidified rainfall on 
the soil is the decrease in soil pH [Abrahamsen et al} 1976; 
Haugbotn, 1976; Tamm et al, 1975]. Slankis (1974) and Norkrans 
(1950) have both stated that the optimal pH for growth of 
mycorrhizal fungi in pure culture is similar to that for 
mycorrhizal development in vivo. A study of the effects of 
changing substrate pH on the growth of sheathing mycorrhizal 
fungi in pure culture may therefore allow a clearer insight into 
the possible consequences of acid rain on mycorrhizas in the soil.
3.2 The Effect of pH on the Growth of Mycorrhizal Fungi in Pure Culture
3.2.1 Introduction
Several workers have studied the effects of pH on the growth 
of a variety of mycorrhizal fungi in pure culture (cf Chapter 1.5,
Table 7 , also Laiho, 1970; Marx, 1965;
Theodorou and Bowen, 1969) . The majority of these workers have used 
a liquid culture method whereby fungal growth is measured in terms of 
weight of dried mycelium per unit time. This method has three major 
disadvantages
1. It allows only one measurement of growth to be made per
culture. There is no continuous monitoring of growth for, to obtain
a measurement, the culture is destroyed. In a detailed study of growth 
in relation to pH such an effect is obviously undesirable.
2. Most mycorrhizal species are sensitive to poor aeration
and need an adequate oxygen supply (Harley, 1969). As How (1940) stated,
the use of a liquid medium for such fungi would not be a satisfactory 
method for growth rate measurement - a very shallow medium would be 
needed to maintain growth, small cultures would arise and the inoculum 
plug would become comparatively great in weight.
3. The formation of mycelial "pellets" is a common phenomenon
in basidiomycetes grown in liquid culture. Such pellets have a 
distinct gross morphology and method of growth apd results obtained 
from these cannot be attributed validly to the fungus in vitro.
For these reasons, the "agar" or "plate" method was 
chosen as a more suitable experimental method. Here, linear growth 
measurements are made at regular intervals until fungal growth ceases. 
Each culture is thus continuously monitored and measurements easily 
and instantly obtained. Many replicates can be used per treatment 
to obtain statistically valid growth rate measurements. Arguments
that the value of this method for growth rate measurements is 
limited , for fungi growi i. throughout an agar medium and not in a 
linear plane along its surface (Brown, 1922; Fries, 1943) can be 
partially averted by supplementing measurements with continual 
annotated observations on growth habit.
All the stock'.fungal .isolates obtained -_as::described _ in Chapter 2.3 
were tested using the agar method.
3.2.2 Method
Modified Melin-Norkrans agar (of Appendix I) was autoclaved 
. -2
at 15 lb m  for 25 minutes. After autoclaving, the pH was adjusted
by the addition of hot, sterile 0.1 M hydrochloric acid or sodium
hydroxide (these solutions had been prepared using AR reagents and
- 2
distilled, deionised water and autoclaved at 15 lb in for 15 minutes 
prior to use). The amounts of acid or alkali added varied slightly 
with the batch of solutions used, average amounts required being 
shown in Table 25 below.
Table 25
Amount of 0.1 M hydrochloric acid or sodium 
hydroxide required to obtain correct pH of MMN agar ,
Agar pH
Amount of acid or alkali required 
(ml)
3.0 30.1 ± 7.6 0.1 M HC1
4.0 14.5 ± 2.8 0.1 M HC1
5.0 5.3 ± 1.3 0.1 M HC1
6 . 0 2.6 ± 0.9 0.1 M NaOH
7.5 33.2 ± 6 . 6 0.1 M NaOH
pH was measured using an EIL model 38B meter with an 
EIL combined glass spear electrode. A range of agars was thus prepared 
with pH values of 3.0, 4.0, 5.0, 6.0 and 7.5 (± 0.1 pH unit).
The pH of each agar was independently tested using 
comparator indicator papers (Johnsons of Hendon Ltd.), which gave 
consistent results.
The molten agar for each pH was dispensed in 17.5 ml 
~(-±—Qv5-ml) aliquots into 8.4 cm diameter plastic petri dishes using 
an Accumatic automatic dispensing machine,.the dispensing tubes of 
which had been previously sterilised. The dispensing machine was 
flushed with hot, sterile distilled water between pouring agars of 
different pH’s to avoid mixing and to prevent agar from solidifying 
within the tubes.
Poured plates were dried for 15 minutes in a Bassaire 
laminar flow cabinet to minimise condensation on the dish lids.
Fungal isolates (obtained as described in Chapter 2.3) 
were tested in batches of 2 to 9. The growth experiments were 
continued until all isolates had been tested - a list of isolates 
used is given in Table 26 . Several isolates were used two or 
three times throughout the experiment to test the reproducibility of 
the method.
A sterile 0.6 cm diameter cork borer was used to cut 
inoculum plugs from the edge of an actively growing fungal isolate 
thallus. One plug was transferred to the premarked centre of each 
of five plates of each of the five different pH agars.
As the experiment progressed, many plates were lost through 
contamination by Pen'ici'l'l'Lum and AsgevgiVlus species, so from the 
fourth batch of isolates tested and onwards, each fungal isolate/ 
pH combination was replicated seven times.
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After inoculation, plates were inverted, randomised, sealed 
in black polythene bags and incubated at 20°C.
Two thallus diameters from each plate were measured at 
right angles to each other (and in the same place each time for 
comparison) at regular intervals. Measurements were made using a 
transparent ruler graduated in millimetres with the plate held 
against the light. Experimental error, was ± 0.05 cm.
Observations were also made on any differences in thallus 
characteristics developing over the pH range.
For each isolate tested, the experiment was terminated 
when the fungus had entirely covered the agar surface at all pH's 
or when 110 to 120 days had passed. At this stage, colour photographs 
of the surface views of representative plates were taken.
Treatment of data
Thallus diameter measurements obtained for each fungal 
isolate/pH combination were halved, giving a numerical value for 
linear growth from the plate centre. Half the diameter of the original 
inoculum plug, 0.3 cm, was subtracted from these values. These 
corrected measurements were used to obtain a mean value (± standard 
error) for linear growth which was plated against time for each of 
the pH values used. Growth rates could be calculated from these 
plots by measuring the slope, of the line generated between any
two points. However, owing to the typical sigmoidal shape of the 
plots, it was not possible to obtain an average growth rate by 
this method that would adequately describe the fungal growth.
The corrected data were therefore more usefully 
employed to calculate an average growth rate using standard linear 
regression analysis. Analysis was performed using all the data 
points within the range 0.2 to 3.7 cm on the ordinaire . Points
with a value of less than 0 . 2  cm were omitted because of the 
possibility of inaccurate measurement of such small amounts of growth 
and also to allow for a growth ’lag1 period as the fungal mycelium 
first becomes established on the new agar plate. Those points with 
greater values than 3.7 cm were omitted because growth was observed 
to, slow as the advancing mycelium approached the edge of the plate.
Average growth rates and their standard deviations were 
plotted against pH.
3.2.3 Results
Corrected diameter measurement data for five of the fungal 
isolates tested are given in Appendix IV, although data for all 24 
isolates in the seven experimental batches run (42 sets of data in 
all, cf Table 26) are available. Figures 17 to 21 show plots 
of mean linear growth against time at each of the pH’s tested for these 
five isolates. The five isolates were chosen as typifying the general 
growth patterns observed throughout the experiment and to illustrate 
the difficulties raised in the previous section. For example, the 
sigmoidal nature of the plot is clear in Figure 17. The preliminary 
'lag' phase of growth can be more pronounced (Figure 21 > pH 7.5). 
Often, growth is sufficiently slow that the edge of the plate is 
not reached during the experiment. The isolate may continue to grow 
at a maximum rate, thereby avoiding the typical 'plateau' of growth 
(Figures 19 and 20 )■» or a loss of vigour may take place and growth 
cease before the edge of the plate is reached (Figure 17 , pH's 3.0 
and 4.0).
Growth rates at all pH's may be similar (Figure 20 ) or 
widely separated (Figure 18). More commonly, growth rates are 
similar for all pH's tested but one. At this pH, growth is 
significantly faster (Figure 19 ) or slower (Figure 21 )•
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Plot of mean linear growth (cm) versus time (days) for 
Amanita rubescens on MMN agar at 20°C.
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Figures 17 to 21 
For numerical data plotted, see Appendix IV.
isolate B19 (The'Leph.ora terrestris) on I1HN agar at 20°C.
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Plot of mean linear growth (cm) versus time (days) for 
isolate on MMN agar at 20°C.
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isolate Lq (Lactarius rufus) on MMN agar at 20°C ‘
No growth at pH 7.5
pH 4-0 
pH 5*0
pH 6-0
pH 3-0
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Figure-21
Plot of mean linear growth (co) versus time (days) for 
Paxillus 'Lnvotutus on MMN agar at 20°C '
pH 5*0;
pH 4*0
No growth at pH 3.0
1 * 0
906030
DAYS
Average growth rate data, calculated using standard linear 
regression analysis as described in section 3.22, for all fungal isolates 
tested in each experimental batch at each pH are given in Appendix V. 
Plots of average growth rate versus pH for each isolate are shown in 
Figures 22 to 32.
Colour photographs of surface views and/or brief 
observational notes of representative plates from each isolate/pH 
combination tested are given in Plates 19 to 34.
3.2.4 Discussion
The 24 fungal isolates used in this experiment can be
divided into 4 groups on the basis of the above results
Group 1
Isolates with growth rates increasing proportionally 
to pH over the range tested. Such are isolates F^ (Figure 25 )»
F^ (Figure 26 ), F27 (Figure 25 ), Friston5 (Figure 26 ),
(Figure 24 ), A^ (Figure 29), Laccaria Zaccata (Figure 31 ),
and Lactarius turpis (Figure 24). In all these cases there was 
little or no growth below pH 4.0. All but the latter three isolates 
listed were originally obtained from mycorrhizas of Sitka spruce 
growing in soils of pH 6.4 or more.
Group 2
Isolates with well defined optimal growth rates falling 
in the range pH 5.0 to 6.0. This is the largest group, containing 
isolates A^ (Figure 32), Amanita muscaria (Figure 29),
A . rubescens (Figure 29), (Figure 28), -
Cenococcum geophilum  ^ (Figure 23), (Figure 28), (Figure 22),
L.j^  (Figure 31) , Laccaria amethystina (Figure 30) , and 
Lactarius rufus (Figure 22).
Figures 22 to 32
Plots of average growth rate, calculated using standard 
linear regression analysis, versus pH for stock fungal isolates.
For numerical data plotted, see Appendix V. Figures22 
to 32 are plotted on the same scales for comparative purposes.
The ordinate scale of Figure 32 is reduced to 
accommodate data for the fastest growing isolates. Isolate acts
as a comparative marker in this figure (cf Figure 31 ).
Encircled numbers refer to the experimental batch from 
which these data were obtained (of Table 26 ) .
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Plate 19
112 day old thalli of isolate A]_ on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
Isolate A]_
pH Description
3.0 No growth
4.0 Aerial growth from inoculum plug just starting
5.0 Good growth. Thallus characteristics as for stock culture
(cf Plate 1)
6.0 Good growth. As for pH 5.0 but reverse colours one tone darker
7.5 Thallus uniformly cream, not white as above. Growth compact,
marginal hyphae close, raised. Reverse colours darker than 6.0.
All growth raised with only shallow penetration of agar.
K E Y  (Plates 19-34)
E = pH3. 0
F - pH 4. 0
G = pH 5. 0
H = pH 6. 0
! = pH 7. 5
Isolate Aq (not illustrated)
Description
Slow growth. Thallus characteristic of young culture. Initial 
thallus diameters difficult to measure on this isolate as long 
aerial hyphae grow from the inoculum plug without penetrating 
the experimental agar for some distance
As stock culture (of Thomas, 1980, Plate 74)
Similar to stock culture but aerial growth sparser and stellate 
mycelial growth pattern accentuated by darker, golden coloured 
hyphae
Growth pattern similar to pH 6.0. Diffusible pigment stained 
agar uniformly caramel brown. Central thallus dark brownish 
black, irradiating hyphae dark brown showing in relief against 
paler agar beneath
MUSCAfttA
pM
r a n g e
Plate 20
120 day old thalli of Amccnita muscaria on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
Amanita muscaria
pH Description
3.0 No growth
4.0 Thallus characteristics as for stock culture (cf Plate 2). 
Thallus zonation just developing
5.0 Good growth. As pH 4.0 but thallus zonation well developed
6.0 As pH 5.0 but reverse colours one tone darker
7.5 Thallus compact, white, no zonation. Marginal hyphae close,
raised. No visible submerged growth. Reverse colour uniform, 
as for central zone of pH 6.0
Plate 21
120 day old thalli of Amanita rubescens on MMN agar at 
20°C. Agar adjusted to five different pH's (x 0.48)
Amanita rubescens
pH Description
Fair growth. Thallus characteristics as for stock culture
(icf p. 1 0 2  )
Aerial growth distinctly zonate, sparser than stock culture, 
Central thallus pale orange white with tinge of pale salmon, 
Reverse colours as for stock culture
Plate 22
112 day old thalli of isolate B]_2 {Thelephova terrestris) on 
MMN agar at 20°C. Agar adjusted to five different pH's (x 0.48)
Isolate B-| 9 (Thelephora terrestris)
pH Desorption
3.0 Growth feathery, submerged/appressed with thin woolly central 
mycelium. Pigment confined to narrow ring at base of inoculum
plug, darkening with age to caramel brown (70 days). No
mycelial cords
4.0 As stock culture {of Plate 3). Pigment diffused through agar 
beyond colony periphery after 29 days. Mycelial cords formed 
after 37 days
5.0 As pH 4.0 but with time scales of 22 days (pigment) and 29 days 
(mycelial cords) respectively
6.0 As pH 4.0 but with time scales of 11 days (pigment) and 17 days 
(mycelial cords) respectively
7.5 Thallus as pH 3.0. Pigment produced after 7 days darkening
progressively to give dark copper coloured agar
All mycelium pale brownish yellow to yellowish white.
Plate 23
120 day old thalli of Boletus sp. on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
Boletus sp.
pH Description
3.0 No growth
4.0 ->|
5.0 > As stock culture (cf Plate 4). Variable aerial growth
6.0 J
7.5 No growth
Cenococcum geophzlum (not illustrated) 
pH Description
3.0 ^
I As stock culture (cf Plate 5). Aerial growth variable 
particularly at pH ’s 5.0 and 6.0
7.5 J
Plate 24
120 day old thalli of isolate F 3 on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
Isolate F^
pH Description
3.0 No growth
4.0 As stock culture (cf p-109 ), although aerial growth confined
to discrete felty tufts. Surface and reverse colours two tones
paler than stock though as variable
5.0 As stock culture. Thallus predominantly light orange in colour
6.0 As stock culture but aerial growth more profuse, colours more
intense
7.5 Pale yellow brown diffusible pigment coloured agar throughout.
Aerial growth confined to felty pale yellow centre, floccose 
pale orange yellow outer zone. In reverse, centre dark salmon, 
becoming pale yellow brown towards periphery
Plate 25
112 day old thalli of isolate F 4 on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
Isolate F,---------4
pH Description
3.0 No growth
4.0 Growth sparse, appressed only. Colourless to yellowish white
5.0 Thallus compact. Uniform, thickly felty aerial growth. Margin
even, hyphal tips close. Colour variable, as stock culture
(cf Plate 6 )
6.0 As pH 5.0
7.5 Thallus diffuse, distinct zonation of texture and colour. Centre
appressed, farinaceous, white with patches of salmon to light
orange. Middle zone sparsely floccose, pale caramel. Outer 
zone appressed/submerged only, pale orange to colourless.
Reverse uniformly cream to colourless
pH
RANGE
Plate 26
120 day old thalli of isolate F 27 on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
Isolate F 7 7
pH Description
3.0 Sparse woolly aerial growth over inoculum plug only
4.0 ^
5.0 / Good growth. As stock culture (cf Plate 7)
6.0 J
7.5 Woolly aerial growth less profuse and less uniform than stock
culture. Diffusible pigment colours agar butter yellow to
pale yellow brown. Reverse dark brown centrally, golden brown 
at thallus periphery
FR15TON
Plate 27
120 day old thalli of isolate Friston 5 on MMN agar at 
20°C. Agar adjusted to five different pH's (x 0.48)
Isolate Friston 5
pH Description
3.0 Even, white, appressed growth. No aerial mycelium. Growth very
slow
4.0 ''j
5.0 | As stock culture (cf Plate 8)
6.0 J
7.5 Thallus mainly submerged/appressed giving typical "wet"
appearance. Colour dark cream to pale browny orange. Margin 
uneven. Sparse white floccose aerial growth at random over 
whole thallus surface
Isolate L-j^ (not illustrated)
pH Description
3.0 Compact, thick felty growth with characteristic farinaceous 
texture. Margin even, hyphal tips close. Reverse one tone 
paler than stock culture (cf Plate 10)
4.0 }, As stock culture with outermost zone of thin floccose aerial
5.0 j growth
6.0 As stock culture but with central aerial growth reduced and 
whole thallus appearing sparsely floccose
7.5 As stock culture
LaQoaria amethystina (not illustrated)
pH Description
3.0 As pH 3.0 for Laccaria Zacoata. No characteristic violet 
pigmentation occurs
4.0 As stock culture (cf Pdge 121) . Greyish violet pigmentation
5.0 / occurs when thallus diameter approximately 1.4 cm and fades when
6 . 0 J diameter reaches 3.0 cm or more
7.5 As pH 7.5 for L. laccata with colours one tone darker. Violet
pigmentation occurs as pH 4.0 above but rarely so intense a 
colour
pH
Ra n g e
Plate 28
120 day old thalli of Laccaria laccata on MMN agar at 
20°C. Agar adjusted to five different p H ’s (x 0.48)
Laccaria laccata
pH Description
3.0 As young stock culture (cf Plate 11) with even margin, hyphal
tips close. Thallus compact
4.0 ^
5.0 } As stock culture
6.0 J
7.5 Similar to stock culture but distinct zonation of thallus
caused by concentric rings of thick and thin mycelium. Whole
thallus pale brown yellow, darker than stock culture
RUFUS
pH
R A N G E
Plate 29
120 day old thalli of Lactarius rufus on MMN agar at 
20°C. Agar adjusted to five different pH's (x 0.48)
Lactarius rufus
pH
3.0
4.0
5.0
6.0 
7.5 J
Description
> All similar to stock culture (cf Plate 12). 
growth becomes less compact, more diffuse
As pH increases,
TbftP iQ
PH
r a n g e
Plate 30
120 day old thalli of Lactarius turpis on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
Lactarius turpis
pH
3.0
4.0
5.0
6.0
7.5
J
Description
Thallus growth more compact than stock culture (cf Plate 13),
} with even margin, hyphal tips close. Thallus colour uniformly 
brownish yellow, paler than stock culture
No growth occurred at this pH until 100 days after inoculation, 
accounting for the apparent small thallus size compared with 
those at the other pH’s
In all cases where growth occurred, a golden brown diffusible pigment 
was produced, colouring the agar in a narrow band around the thallus 
perimeter.
Isolate N.^ (not illustrated)
Description 
No growth
As young stock culture (cf Page 128 )
As stock culture
As pH 5.0 but reverse colours are one tone darker. After 30 days 
a distinctive, wide,clear 'halo1 formed around thallus as though 
some slight opacity in the agar has been dissolved in advance 
of growth. After 50 days a narrow ring of diffusible pale 
golden brown pigment formed at thallus periphery
After 30 days a broad band of diffusible golden brown pigment 
formed at thallus periphery. Broadens and darkens with age. 
Aerial growth reduced to sparse, non-coherent woolly mycelium. 
Reverse uniformly dark brown
1 N V O I U T O S
Plate 31
120 day old thalli of 'Paxil'lus involutus on MMN agar at 
20°C. Agar adjusted to five different pH’s (x 0.48)
VaxilZus -involutus
pH Description
3.0 No growth
4.0 As young stock culture (of Plate 14). In reverse, pigment
accumulation has coloured agar butter yellow
1 As mature stock culture
6.0 J
7.5 Distinct zonation of growth. Inner subfelty zone gives way
to ring of densely woolly (thickly felty with age) mycelium. 
This thins to wide outer sparsely floccose zone. In reverse, 
centre black, giving way to dark caramel brown colour of agar
At all pH’s where growth occurs, a diffusible pigment is produced 
colouring the agar beneath the thallus and in a wide band around it. 
The colour of pigment darkens with accumulation and/or an increase in 
agar pH.
_e_
TlNCToRtQS
Plate 32
120 day old thalli of Pzsolithus tznctorzus on MMN agar at 
20°C. Agar adjusted to five different pH's (x 0.48)
P-isotzthus tznctorzus
pH Description
3.0 Thallus growth characteristics as stock culture (cf Plate 15).
Colour paler - maize yellow with ring of pale brownish orange 
round central woolly mycelium. In reverse, uniformly pale 
brownish orange. Diffusible pigment coloured agar pale yellow
4.0 As pH 3.0 but pigment coloured agar maize
1 As stock culture
6.0
7.5 Thallus zonate. Aerial growth reduced to sparse felty, granular,
mat. In reverse, centre dark chestnut brown giving way to 
caramel brown colour at thallus periphery. Pigment coloured 
agar caramel brown
AURANTlUM
pH
RANGE
Plate 33
120 day old thalli of Scleroderma aurantlum on MMN agar at 
20°C. Agar adjusted to five different pH ’s (x 0.48)
Scleroderma aurantium
Description 
No growth
As stock culture (cf Plate 16). Differing growth rates give 
different thallus diameters
7.5 Diffusible pale golden brown pigment produced colouring agar
in wide band beyond thallus periphery. Aerial growth restricted 
to central fine, cream coloured woolly mat. Remaining thallus 
golden brown. Margin even, hyphal tips close ,
eovitsius
Plate 34
120 day old thalli of Su'illus bovinus on MMN agar at 
20°C. Agar adjusted to give different pH’s (x 0.48)
Suillus bovinus
Description
Thallus uniformly profusely woolly, compacting with age to 
dense felty mat. Otherwise as for stock culture (cf Plate 17)
Thallus characteristics as for young stock culture. Thallus 
zonation just developing
As stock culture. Thallus zonation fully developed at pH 6.0
No growth
Group 3
Isolates with well defined optimal growth rates at pH 4.0 
or below. Only two isolates fall into this group - Suillus bovinus 
(Figure 27), and Pisolithus tinetorius (Figure 23)•
Group 4
Isolates showing a similar growth rate over most of the 
pH range tested. Examples are isolates Cenococcum geophilum^
(Figure 23), and Paxillus involutus (Figure 32).
Isolates of Scleroderma auranViicm (Figure 24 ), and 
Boletus sp. (Figure 27) do not fall into any of the above 
categories. Both fungi apparently attain optimal growth at two 
separate pH's in the range tested, giving rise to the twin peak 
effect. This is thought to be due more to experimental error than 
to any real cause, for both isolates suffered severe contamination 
which reduced the number of replicates and gave misleading 
statistical data (cf Appendix V). Boletus sp. was used in one 
batch only, also giving rise to unrepresentative data.
The above results clearly show that the majority of the 
fungal isolates tested were acidophilic, with the largest group 
(Group 2) attaining optimum mycelial growth at pH 5.0 to 6.0. This 
concurs well with Modess1 (1941) work where the majority of 
mycorrhizal fungi tested in pure culture had maximum mycelial 
growth between pH's 4.0 and 6.0 (cf Table 7 ).
Hacksk^fo (1957), How (1941), Iwamoto (1962), Laiho (1970), 
Mikola (19480^ 1 9 6 2 ), Norkrans (1949), Oort (1981) and others have shown the 
acidophilic nature of mycorrhizal fungi in synthetic culture medium. 
However, a small group of the isolates tested, those obtained 
originally from near-neutral soils, do seem to have optimal mycelial 
growth rates directly linked with the pH of the soil of origin.
This phenomenon, also noted by Norkrans (1950), may indicate that 
growth of certain mycorrhizal fungi becomes adapted to a particular 
soil type. It could give indirect support to Melin's (1953) theory 
that different species of mycorrhizal fungi are associated with 
trees grown in acid and alkaline soils respectively.
Paxittus invotutus and Cenococcum geophitum both showed 
a wide tolerance to pH under the conditions used. This agrees well 
with Laiho1s (1970) study of P. invotutus and that of Mikola (1948a.) 
on C. geophitum in which both fungi were shown to have a wide pH 
range for good growth. This was thought to be in keeping with their 
status as facultative or non-specific mycorrhizal fungi (Pachlewski,
1967; Mikola, 1948a,
Results also show that strains of the same species do 
not always react similarly to pH. Isolates an^ F,. (Figure 28 ) » 
for example, both strains of Thelephora terrestris, grew best at 
different pH's and had widely differing optimal growth rates.
The same is true for the two strains of Lactarius rufus used, 
isolates and L. rufus (Figure 22 ). Cenococcum geophitum,
however, shows similar patterns of growth over the pH range for 
both strains used (Figure 23) . Strain differences with respect to 
growth rate and general culture characteristics have been reported 
previously for such mycorrhizal fungi as Paxittus invotutus (Laiho, 1970), 
Cenococcum geophitum (Mikola, 1948a) Thetephora terrestris (Marx,
Bryan and Grand, 1970) and Amanita muscaria (Mason, 1979 - pers. comm.). 
Although there has been only one report to date of strain differences 
extending to pH studies (Laiho, 1970), it is hardly surprising that 
such differences were observed here.
pH-mediated changes in thallus colour and pigment 
production have been poorly documented. Marx (1969) recorded a 
light- and pH-sensitive, dark red-brown pigment produced by 
Pisotithus tinctorius and Laiho (1970) a pH-dependent brown pigment 
in Thetephora terrestris. Mikola (1962) noted that the mycelium of 
Corticiwn bicotor, characteristically bright yellow in colour when 
growth at pH's 3.5 to 5.5, was white at pH's above 5.5. No reasons 
were postulated for such changes, although Marx (1969) observed 
that the pigment of P. tinctorius had no antagonistic effects on 
several root pathogenic fungi and soil bacteria tested, and was, 
presumably, biologically inactive.
Plates 19 to 34 show, however, that such changes are 
commonly observed. Many of the fungal isolates used produce 
diffusible pigments. Pigment either
(1) increases in intensity proportionally to pH. Examples 
are isolates {Thetephora terrestris),. Paxittus invotutus and 
Pisotithus tinctorius. Such increases are not necessarily associated 
with increased mycelial growth (as observed by Marx, 1969) and could 
be due to increased membrane permeability (Smith and Berry, 1975).
(2) changes in colour. An example is Scteroderma aurantium, 
where pigment changes from lemon yellow to brown with increasing pH, or
(3) appears where none was visible previously. Examples are 
and P ^  which both produce a brown diffusible pigment at pH 7.5 but
at none of the other pH’s tested.
Points (2) and (3) above could both be explained in terms 
of the production of a secondary metabolite acting as a natural pH 
indicator.
Thallus colour of several isolates also varies with respect 
to pH. For example, in surface view Lactarius rufus thalli show peak
production of a bright red-brown pigment at pH 4.0 (see Plate 29 )•
In most cases, however, thallus colour variations are due more to a 
different growth pattern at higher pH’s than to a colour change per se. 
Thalli of Laccaria laccata3 Amanita rubescenSj isolates Friston*. and F^ 
all appear to darken at pH 7.5 as a direct consequence of the 
drastically reduced aerial growth at this pH allowing the deeper 
reverse colours to show through.
Isolates and Amanita muscaria change from diffuse, 
shallow to tightly compact, deep mycelial growth with increased pH 
which intensifies colour.
Isolate F^ shows the greatest change in growth pattern 
with increasing pH. At the highest pH tested mycelial growth is fast, 
submerged and diffuse, whereas at lower pH’s growth is slow, compact 
and almost wholly aerial.
It is interesting to note that Laccaria amethystina 
was the only isolate tested to produce a pigment completely unaffected 
by pH.
The success of the method used was dependent on two 
important criteria:-
(1) Reproducibility
This was generally good for the slower-growing fungi 
used. Isolates of A^, F^ and Cenococcum geophitum (Figures 29> 25 
and 23 respectively) for example, gave easily reproducible results.
For several of the faster-growing isolates, however, 
reproducibility was poor. This was attributed to the fact that the 
growth rates of such fungi fell as the time the isolates had been in 
culture increased. For example, the growth rates of isolates 
CLactarius rufus - Figure 22 ) and (Thetephora terrestris -
Figure 28) dropped noticeably over the whole pH range with
consecutive experimental batches. Such loss of vigour in fungal 
cultures is a well-known phenomenon (Zalokar, 1965) and may also 
serve to explain the erratic results obtained from Laccaria amethystina 
in different batches. This latter fungus lost vigour rapidly in 
culture and, despite constant subculturing,was eventually lost from 
the stock culture collection.
Suillus bovinus was also lost from the culture collection 
shortly after these growth experiments ended. How (1941) showed that 
the growth rate of another of the Bolete family, Boletus elegans, is 
strongly affected by the age of the culture used for inoculation - 
the older the parent culture, the slower the growth of the sub-cultures. 
She attributed this effect largely to the.accumulation of staling 
products within the medium but noted that it extends over two or more 
generations. A similar explanation might be applied to Suillus bovinus.
Owing to the length of the experiments and the necessity 
for regular handling of the plates, contamination by fungi (mainly 
Benicillium and Aspergillus species) and bacteria was the major 
factor contributing to poor reproducibility. The erratic results of 
Scleroderma aurantium (Figure 24) > F27* ^atc^ ^  (Figure 2 5 ) an(* 
Laccaria amethystina (Figure 30) can all be attributed to gross fungal 
contamination, whereas isolate (Figure 32) was prone to bacterial 
contamination in later batches. Decreased replication gave 
statistically unrepresentative data and hence poor reproducibility.
(2) Linear growth
The method used relied on a measurement of linear growth 
as an indication of fungal response to different pH’s. Such a 
measurement can be misleading, however. Not all isolates grow 
evenly from the inoculum plug. Isolates B.^ an(* F^ for example, 
both isolates of Thetephora terrestris, produce very irregular thalli 
Ccf plate 22 . Different growth rates are obtained depending on the
position of the colony diameter measured in such cases.
Also, linear growth may not be a truly representative 
measurement of fungal growth in plate culture (Brown, 1923; How, 1940). 
Fungal thalli are three dimentional structures and mycelium will grow 
not just linearly outwards but in all other directions simultaneously 
to create thallus density as well as size. This is where a liquid 
culture technique has the advantage. The whole fungal biomass can 
be filtered off, weighted and a measurement of total growth made.
The reasons for avoiding this latter technique have been previously 
enumerated, however, and provided that the limitations of a linear 
growth measurement are borne in mind and used together with precise 
observations on thallus growth characteristics, such a measurement 
is well justified.
3.3 The Effect of Growth of Pure Cultures of Mycorrhizal Fungi on
the pH of the Medium
3.3.1 Introduction
As the pH of the medium can affect growth of a pure fungal 
culture (Chapter 3.2), so fungal growth can also affect the pH of 
the medium itself. The differential uptake of anions and cations 
and the excretion of organic acids or release of ammonia can all 
produce changes in medium pH (Lilly, 1965; Smith and Berry, 1975).
Such changes are particularly noticeable in media with low buffering 
capacities as, for example, the semi-synthetic MMN medium described 
in Appendix I and used here.
Mycorrhizal fungi are no exception, usually causing a 
drop in medium pH. This is largely due to the uptake of ammonium 
as a nitrogen source in preference to nitrate (Cochrane, 1958;
Carrodus, 1966, 1967; Mikola, 1965; Norkrans, 1950).
Lundeberg (1970) observed 14 different mycorrhizal species 
and recorded shifts of up to 0.9 pH units after 50 days growth in a 
tannin/malt/bone meal medium. Marx (1969) showed a drop of 1.8 pH 
units at the outer edge of a TPisolitbus tinctorius thallus growing 
on Hagem agar, and a shift of up to 2.2 pH units using six 
mycorrhizal fungi grown in MMN medium for 40 days. Theodorou and 
Bowen (1969) recorded drops of 1 to 2 pH units using Rhizopogon luteolus 
and Suillus granulatus in Melin-Norkrans medium.
All the growth media so far mentioned have low buffering 
capacities. Norkrans (1950) recommended that for the study of pH 
relations in synthetic culture medium, an organic nitrogen source 
and a strong buffer solution should be used in order to keep the 
hydrogen ion concentration constant. Lindeberg (1944) suggested the 
use of phosphate buffer as it is non-toxic and metabolised only in
small quantities. More recently, however, Jayko et al (1962) showed 
significant differences in the growth of several Lactarius species 
when the amount of phosphate buffer in the medium was varied. Even 
strains of the same species varied in their tolerance to phosphate.
Giltrap and Lewis (1981) found that the commonly-used concentration 
(0.05 M) of phosphate buffer significantly inhibited the growth of 
Cenococcum geophitum and Rhizopogon roseolus on glucose, sucrose 
and raffinose media, and of Suillus bovinus on sucrose and raffinose 
media. Marx and Zak (1965) noted that both phosphate and phthalate 
buffers were lethal to Cenococcum geophitumj Suillus luteus and 
Laccaria laccata.
Child, Knapp and Eveleigh (1973) stated that the major 
drawback in using phosphate buffer is that the high concentrations 
needed to control pH effectively could affect physiological 
processes in fungal metabolism, an explanation comprehensively 
elaborated by Giltrap and Lewis (1981). Both Giltrap and Lewis and Child, Knapp 
and..Eveleigh j(i973) recommended the use of M.E.S.- . (2— (Nfrmorpholino) 
ethane-sulphonic acid) buffer which has a higher buffering capacity 
than phosphate and does not interfere with metabolism (although 
there have been indications that it may affect invertase activity) 
but can be used efficiently only in the neutral pH range. For all 
these reasons, buffers were omitted from media used throughout 
this research.
It was of interest to determine whether or not the pH 
of the MMN agar used altered throughout the course of experimentation 
and if the degree of change agreed with that recorded by other workers.
Changes in agar pH were recorded using two methods; BDH 
capillators and incorporation of indicators in the growth medium.
Both methods are described below.
3.3.2 BDH capillators
Introduction: this technique involves mixing concentrated
indicator solution with an equal amount of test solution in a
capillary tube. The resultant coloured solution is compared with a
card of capillary tubes containing indicator standards of known pH.
Standards are graduated in 0.2 pH units over the indicator
transitional range. The pH of the test solution is thus
colorimetrically determined.
Materials and Method: on completion of the pH growth
experiment (Chapter 3.2), culture plates from the first two
batches of isolates tested (see Table 26 ) were retained for pH
analysis. Cultures were 113 days old.
From each plate, two squares of agar, approximately 
2
1.5 x 1.5 cm , were cut, one from the outer edge of the thallus 
and one from the inner or middle of the thallus depending on thallus 
size and depth of penetration into the agar. In cases with large 
colonies confined mainly to the agar surface, all three positions 
were tested. Each agar square was placed on a glass slide 
mycelial growth uppermost and heated gently over a cool bunsen 
flame. A small amount of the molten agar so obtained was mixed 
rapidly with BDH capillator indicator in a capillary tube using a 
micropipette bulb, and the agar pH determined by comparison with the 
BDH standard cards.
The indicators used are necessarily concentrated in 
order to show distinct colour changes in small volumes. It is 
therefore recommended that two or more indicators with overlapping
transitional ranges in the desired pH region should be used separately 
for pH determination of weakly buffered solutions. This ensures that 
the indicators themselves, usually weak acids or alkalis, do not 
interfere with the result. This precaution was observed in all 
cases. Indicators used are listed below Table 27 .
Results: results are shown in Table 27 Allowing for 
an experimental error of ± 0.2 pH units, the majority of fungi 
caused either no change or a lowering of the initial agar pH with 
time. In general, the decrease in pH become more pronounced the 
higher the initial pH. Decreases of up to 3 pH units were observed 
on plates with an initial pH of 7.5. Exceptions were Laccaria laccata 
at an initial pH of 3.0, isolate A^ at pH 4.0 and isolate at 
pH's 5.0 and 6.0,all of which caused an increase in pH of 0.3 to 
0.9 units with time.
No relationship between diffusible pigment production 
and pH change with time was detected from these results.
Isolates B^ 2 and F,., different strains qf Thelephora 
terrestris, showed a small but real increase in pH in sampling from 
outer to inner thallus. Marx (1969) showed a similar phenomenon 
with Pisolithus tinctorius thalli. pH measurements for the two 
T. terrestris isolates grown on agars with initial pH 6.0 and 7.5 
were difficult to obtain, however, the diffusible pigment produced 
obscuring the indicator colour.
Discussion: use of the capillator method was of a 
preliminary nature only, testing just seven of the twenty-five 
isolates available. This was sufficient, however, to demonstrate the 
success of the method in measuring pH changes in an agar medium.
The advantages of the technique are speed, simplicity (volumetric 
measurements not involved) and the need for only small amounts of test
TABLE 27
BDH capillator measurements of final pH values of MMN 
agar (adjusted to initial pH's ranging from 3.0 to 
7.5) after supporting 113 days growth of seven mycorrhizal
fungi at 20°C.
A list of BDH indicators used is given below table.
Figures shown are means of 3 to 5 measurements.
Initial agar pH
Fungal Isolatef-
3.0 4.0 5.0 6 . 0 7.5
3.2a 4.4 3.6 4.0 4.9
A 1 3.2b 4.4 3.6 4.1 -
3.3° 4.4 3.6 4.1 4.7
3.1 3.4 4.1 4.9 4.4
B12 3.1 3.5 - 4.9 -
3.2 3.8 4.3 4.9 4.8
2 . 8 3.4 4.8 4.2 5.8
f5 2 . 8 3.7 5.1 4.6 5.4; 3.7 5.1 4.7 5.8
2 . 8 3.3 3.9 — —
F27 2.7 3.3 3.9
- -
2 . 6 3.4 4.0 — —
2 . 8 3.5 5.3 6.5 6 . 1
F 11
2t8 3.5 - - -
2 . 8 3.5 5.9 6 . 6 5.9
2 . 8 3.3 3.9 — —
Laccaria amethystina 2 . 8 3.4 3.9 - -
2 . 8 — — — —
3.6 3.6 4.3 — —
Laccaria Zaocata 3.6 3.6 4.3 - -
3.6 3.7 4.2 — -
tFungal isolates obtained and characterised as 
described in Chapter 2
apH of agar sampled from beneath thallus perimeter 
b. pH of agar sampled from beneath mid-thallus
cpH of agar sampled from beneath inner thallus 
Samples were taken as described in the text
TABLE 27 (Continued)
Indicator
Bromphenol blue 
Bromocresol green 
Bromothymol blue 
Chlorophenol red 
Diphenyl purple 
Thymol blue
Indicators used for pH measurements
pH Transition Range Colour Change Acid to Alkaline
2.8 to 4.6 Yellow to Violet
3.6 to 5.2 Yellow to Blue
6.0 to 7.6 Yellow to Blue
4.6 to 7.0 Yellow to Violet :
7.0 to 8 . 6 Yellow to Violet
1.2 to 2.8 Red to Yellow
solution. The latter allows the pH of a discrete area of agar to be 
measured and comparisons to be made within a single plate. How (1940) 
also stressed this last point as the major advantage of the BDH 
capillator for agar pH measurements.
The major disadvantage is that this is a destructive 
analytical method. The agar removed from each plate supports both 
aerial and submerged mycelium which, on heating will disrupt and 
release their cytoplasmic contents into the molten agar. The pH of 
this solution may thus be a misleading figure, the pH of the hyphal 
contents affecting the apparent pH of the agar. The internal pH of 
a fungal cell is controlled independently of the medium within a 
fairly narrow range around pH 5.0 to 6.0 (Smith and Berry, 1975).
The range varies slightly from species to species and cell contents 
are thought to be well buffered - unlika the agar medium - giving 
credence to this theory.
The changing pH of the agar with respect to the isolate 
growth cannot be easily followed. The high probability of loss 
of sterility by repeated samplings of each agar plate as well as the 
effect that sampling may have on normal thallus growth and the 
finite, often small, area of mycelium available all make continual 
monitoring by this method impossible.
For these reasons, this method was superceded by the
following.
3.3.3 Incorporation of Indicators in the Agar Medium
Introduction: the incorporation of indicators into 
microbiological, especially bacteriological, media has long been 
used to estimate pH changes visually. Their use in mycological media 
has been surprisingly limited, however. Only two references-were found 
to the use of acid-base indicators specifically incorporated into
fungal media. These were for bromocresol green, pH range 3.6 to 5.2 
(Moss, 1978, pers. comm.; Oxoid, 1965) and bromocresol purple, pH range
5.2 to 6 . 8 (Oxoid manual, 1965).
The addition of indicators to the agar medium has the 
advantage of being a non-destructive method and pH changes within 
the agar can be regularly and rapidly assessed without disturbing 
fungal growth. Disadvantages are that the indicator used may be 
toxic to fungal growth or may be metabolised by the fungus. Because 
of these possible effects and the scanty information available in the 
literature, all indicators used must be tested rigorously before 
routine incorporation into growth media.
From the preceding section* it was observed that final 
agar pH’s were in the range pH 2.5 to 6.5. No single indicator was 
found to cover this whole range. Instead, two indicators with 
overlapping transition ranges were chosen; bromocresol green, pH 
range 3.6 to 5.2?and meta-methyl red, pH range 2.0 to 4.0, to 
cover the majority of the required range. These two indicators were 
carefully selected from those available for two reasons:-
(1) Both have been commonly used in bacteriological media, 
and bromocresol green reported in mycological media. Toxicity may, 
therefore, be low. Also, approximate concentrations for 
microbiological use are known.
(2) The two compounds have complementary colour transition 
ranges. M-methyl red changes from red to yellow and bromocresol 
green from yellow to purple when going from acid to more basic 
conditions. Thus, the indicators could ultimately be used 
simultaneously to cover a larger pH range.
Method: 1% stock solutions of the two indicators* were 
prepared by dissolving one gram of each compound in 20 ml of 0.1 M
*both obtained from B.D.H. Limited
sodium hydroxide and diluting to 1 0 0 ml with distilled, deionised 
water. Solutions were sterilised by filtering through 0.22 ym 
Millipore membrane filters.
Three concentrations of each indicator were tested in 
MMN agar. ' For bromocresol green, the recommended concentration of 
0.02 g 1  ^ (Oxoid, 1965) and two higher concentrations, 0.04 g 1  ^
and 0.06 g 1  ^respectively, were used. For m-methyl red, 
concentrations of 0.04, 0.08 and 0 . 1 g 1  ^were chosen after visual 
assessment of a range of indicator strengths incorporated in poured 
MMN agar plates.
Indicator Trials
Before proceeding further, the effects of the two 
indicators on the agar system to be used was investigated.
Both indicators are weak acids (see Figure 33 ) and it
is known that MMN agar is poorly buffered. Thus the indicators
may affect the agar pH. Measurements of the agar pH before and after
additions of indicator at concentrations of 0.02, 0.04, 0.1 and 
- 10.2 g 1 were made using an EIL combined spear electrode and 
EIL meter, model 38B. No pH changes were observed at these 
concentrations. To eliminate any possible effect, however, indicator 
solutions were added to the growth agar prior to adjustment of agar 
pH.
The transition interval of an acid-base indicator is 
known to change in the presence of foreign neutral electrolytes - 
the "salt effect". The effect on sulphonephthalein indicators 
(as bromocresol green) is relatively great, whereas that on 
indicators like methyl red and methyl orange is minor (Bishop, 1972). 
In the presence of foreign salts, the transition range of acid 
indicators (as the two used) is shifted towards lower.pH values.
MMN agar can be described as a salt solution, so that the transition 
ranges of the indicators might be expected to change. When this 
was tested by addition of increments of 0.05 M hydrochloric acid 
to MMN agar containing 0.02, 0.04, 0.06 and 0.1 g 1  ^of each 
indicator respectively, it was found that the transition range of 
m-methyl red remained unaltered at pH 2.0 to 4.0, whereas that of 
bromocresol green dropped slightly (literature range pH 3.6 to 5.2, 
observed range pH 3.2 to 5.2) as predicted in theory. As the 
addition of indicator to the agar is to be used as a visually 
comparative method of pH measurement, this shift in range was not 
thought to be important.
Although both indicators were to be tested for their 
effects on fungal growth, shortage of time allowed only bromocresol 
green to be fully tested. All further work relates to this 
indicator alone.
Sterile indicator solution was added aseptically to
molten MMN agar to give the three concentrations stated earlier
(cf page 212) . The agar pH at each indicator concentration was 
adjusted to pH 6.0 and aliquots of agar dispensed as described in 
Chapter 3.2.2. Control plates were prepared simultaneously by the 
same method with the omission of indicator.
A set of 8 indicator plates of known pH was prepared
for all three indicator concentrations for comparative purposes. 
Plates showed indicator colour at pH 3.2, 3.6, 3.8, 4.0, 4.2, 4.4,
4.6 and 5.2 respectively.
5 plates at each indicator concentration and 5 control 
plates were inoculated with each of seven fungal isolates, namely 
Al* B12’ F27* L9* Lll’ LdocariGi laooata and L. amethystina. These
isolates were chosen because they all show good growth at pH 6.0.
Inoculation and all consequent experimental procedure and data 
treatment was as described in Chapter 3.2.2.
N'
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Figure 33
Structural Formulae of (1) Methyl Red, (2) Bromocresol Green
Results
Average growth rates, calculated using standard linear 
regression analysis, for the seven isolates at each concentration 
of bromocresol green are given in Appendix Via. Plots of these data 
are shown in Figure 34 . Data were tested for significance using 
the 2-tailed students t-test (after Clarke, 1969). Significance 
tables are shown in Appendix VIb.
Figure 34 (overleaf)
Average growth ratest of seven mycorrhizal fungi 
versus concentration of bromocresol green indicator incorporated 
into the MMN growth agar (pH 6.0, 20°C).
iGrowth rates calculated using standard linear 
regression analysis. For data plotted, see Appendix Via.
aLaccaria laccata 
^Laccaria amethystina
Figure 34
For legend, see preceding 
page
0-08
■o
LACCARIA
0-02
LACCARI A
0
0 002 0-06
CONCENTRATION OF BROMOCRESOL GREEN [ g m/ l . l .
From these results it appears that the average growth
rate of isolate is inversely proportional to the indicator
concentration. The growth rate of Laocaria lacoata is considerably 
reduced in.the presence of indicator, as are the growth rates of 
isolates and L^, although for these latter two fungi differential 
growth in the presence and absence of indicator is not so great.
The growth of isolates Laccaria amethyst'ina and
seems unaffected by the indicator, whereas the growth of isolate 
F27 increases, in proportion to the amount of indicator present.
Colour photographs which would have been particularly 
useful to illustrate this highly visual technique, were lost in 
the printing process and plates were no longer available for 
further photography. Table 27 , however, briefly outlines colour 
changes taking place in the agar both immediately below the fungal 
thallus and around its perimeter (the "halo" effect) with respect 
to time.
It was noted that the golden brown diffusible pigments 
produced by isolates and F^  gradually obscured the indicator 
colour, although by the time that this had occurred, the indicator 
had completely changed to the yellow, acid colour.
Isolates Lg and appear to incorporate the 
indicator into their mycelium. thalli assume the same hue and
intensity of colour as the surrounding agar whereas appears to 
actively incorporate the indicator with all colour rapidly 
disappearing from the agar medium and thalli turning bright yellow.
Of the three concentrations of indicator tested, 0.04 g 1 
was of most practical use. 0 . 0 2  g 1  ^was too weak to detect colour 
changes clearly and at 0.06 g ^'colour changes were less sharp and 
more difficult to distinguish (of Bishop, 1972, p. 73).
Colour changes taking place in MMN agar containing 
• 0.04 g I- * bromocresol green (initial pH 6.0) during 
growth of seven mycorrhizal fungi at 20°C.
Colour changes were recorded below the thallus 
centre and in the annulus ("halo") surrounding the thallus.
No. of 
days
Fungal Isolatet
l9
(LactanuB rufUs)
Growth
A 1 B 12 F27 L 11
Laccaria amethyetina Lac caria laccata
7 None® None None None Yellow/Greenc None Green
None^ None None None Green/narrow None None •.
12
None None None None Yellow None Gteen
None None None None Green None None
19 None None None Green Yellow None Green
None None None None Green None None
Sludge Green Yellow Yellow Green/Yellow Yellow Green Green
26 None Green/Yellow Green/Yellow
Wide
Green/Yellow *Yellow/Green None Blue/Green
32/33
Green Brown/Yellow Yellow Yellow Yellow Brown/Yellow Green
None *Yellow/Green Yellow Wide Yellow/Green *Yellow Green Green/Blue Wide
40
Yellow Brown Yellow Yellow Yellow Brown/Yellow Green
Green Wide *Yellow Yellow Yellow *Yellow Green Blue/Green
60 Saffron Brown Yellow Yellow Yellow Brown/Yellow Green
Yellow/Green *Saffron *Yellow *Yellow *Yellow *Green *Green/Blue
76 Saffron Brown
Yellow Yellow Yellow Brown/Yellow Green
Yellow/Green Saffron *Yellow *Yellow *Yellow *Green *Green
90 Brown Brown Yellow Yellow Yellow Brown/Yellow Green
*Yellow/Green Saffron *Yellow *Yellow *Yellow *Green *Green
102
Brown Brown Yellow Yellow Yellow Brown/Yellow Green
*Yellow/Green Saffron *Yellow *Yellow *Yellow *Green *Green
113 Brown Brown Yellow Yellow Yellow Brown/Yellow Green
*Yellow/Green Saffron *Yellow *Yellow *Yellow *Green *Green
t Isolates obtained and characterised as described in Chapter 2 
a Colour change in agar beneath thallus centre
^ Colour change in agar of annulus surrounding thallus (the "halo")
O • • • •
Visual comparison with indicator plates of known pH gives the following
colour guide
Colour pH
5.2 or >
4.6 
4.0 
3.8
3.6
3.2 or <
Fungal pigment production has 
masked indicator colour
* Halo has extended to limits of plate - none of the original blue colour 
remains in agar
Blue
Blue/Green
Green
Green/Yellow 
Yellow/Green 
Yellow 
Brown "1 
Saffron f
Discussion
The incorporation of indicators into agar medium was 
shown to be a successful practical.technique in monitoring pH changes 
in the medium. Changes could be assessed swiftly and with a fair 
degree of accuracy (the human eye can distinguish colour changes 
down to ± 0.1 pH unit (Bishop, 1972)) without disturbing fungal 
growth. The choice of indicator to be used should be made with 
great care, however.
Bromocresol green, a known microbiological indicator, 
was shown to be suitable for use with only one of the seven mycorrhizal 
fungi tested. It had a statistically significant effect (p £ 0.001) 
on the growth of five isolates and appeared to be actively incorporated 
by one isolate, L-q * although the growth of this latter isolate 
was not adversely affected. Both these effects are undesirable in 
experimental work.
The acid colour of bromocresol green was rapidly 
produced in all but the two Laccaria species used (see Table 27 ) ■ 
showing that the pH of the medium had fallen below 3.2. In such 
cases, the incorporation of a second indicator, as for example 
m-methyl red (cf page 2 1 1 ) , with a lower transition range would 
have been more informative as growth progressed.
The initial pH of the agar in this experiment, pH 6.0, 
ensured that the indicator bromocresol green was confined to its 
blue, alkaline colour. Thus any initial increase in pH caused, 
for example, by an early release of ammonia into the medium, would 
be undetected. The use of a supplementary indicator such as 
bromocresol purple with a slightly higher transition range (pH 5.2 
to 6 .8) would solve this problem.
The production of diffusible pigments by fungal isolates, 
seen to be a common phenomenon (cf Chapter 3.2.3), mars the 
effectiveness of this colorimetric pH determination. However, the
production of several diffusible pigments seems related to high pH 
Ccf Chapter 3.2.4). By conducting indicator trials at a lower 
pH, perhaps this effect can be minimised.
Thus, although the inclusion of an indicator into the 
agar medium shows promise as a successful practical technique, 
more experimentation is needed to overcome the deficiencies outlined 
above.
CHAPTER 4
GREENHOUSE EXPERIMENTS
4.1 Greenhouse Pot Experiment
The aims of this experiment were threefold
(a) to compare the effects of mycorrhizal fungi isolated from
roots of mature Picea sitchensis stands on the growth of
P. svtchensis seedlings in partially sterilised soils under 
greenhouse conditions;
(b) to compare the effects of soils of different origin and
pH on the initiation and growth of P. sitchensis mycorrhizas under 
greenhouse conditions;
(c) to investigate the effect of a simulated acid rain
water regime on (a) and (b) above.
The experiment was set up using the greenhouse and 
laboratory facilities of the Central Electricity Research Laboratories 
(C.E.R.L.), Biology Section, at Leatherhead, Surrey.
4.2 Materials
4.2.1 Soils
120 to 140 litres of soil were collected from each of 
four mature P. sitchensis stand sites (of Table 11 , site numbers 
2, 3.1, 3.2 and 4 respectively). Sites were chosen to cover as 
broad a range of soil types and pH's as possible, given location 
limitations. The inclusion of two peaty upland soils was justified 
as simulating typical Scandinavian upland soils as nearly as 
possible.
Before collecting soil, all loose litter was carefully 
removed from the soil surface (cf Chapter 2.1). Soil was taken 
to a depth of 20 cm or to the top of (and excluding) the C horizon
if this was found at a depth of less than 2 0 cm.
Soils were collected in heavy duty black polythene bags,
sealed and stored at 4°C until required.
4.2.2 Fungi
Three fungal isolates, namely a^d Laccaria iaccata
were chosen for this experiment. B ^  and F^ were isolated from the 
mycorrhizal roots of mature Vicea sitchensis as described in 
Chapter 2.3. B ^  was tentatively identified as TheZephora terrestris 
by comparison of thallus morphology with a named culture. This 
identification was confirmed during the experiment by the production 
of typical fruiting bodies. Isolate F^ remained unidentified.
L. Iaccata was isolated from a fruiting body found in
a mature P. sitchensis stand (cf Table 19 ).
Isolate B ^  was chosen because of the ubiquitous nature 
of TheZephora terrestris as a mycorrhiza-former (Mikola, 1970). In 
this study, it was isolated from P. sitchensis mycorrhizas in soils 
of widely differing pH (of Table 20 ) and in culture showed growth
over the whole pH range tested (cf Figure '28). Substantial 
literature exists on this fungus - it has been observed to form 
P. sitchensis mycorrhizas in both nursery and forest soils 
(Thomas, 1980) and is considered to be one of the primary 
ectomycorrhizal fungi colonising new nursery sites and sterilised 
soils (Marx, Craig Bryan and Grand, 1970). Marx and Zak (1964) 
consider that it is replaced by other fungi after transplanting, 
but fruiting bodies of T. terrestris have been observed in mature 
P. sitchensis stands^. Three previous greenhouse studies have been 
carried out*using this fungus (Marx and Davey, 1969; Hacskaylo, 
1965; and Thomas, 1980) although only one (Thomas, 1980) used 
Vicea sitchensis as the tree host species. The effect of acid 
rainfall and soil pH on T. terrestris may therefore be of 
considerable relevance to the Scandinavian situation.
Laccajrla Zaccata, also considered a ubiquitous 
mycorrhiza-former and primary ectomycorrhizal coloniser of nursery 
soils (Mikola, 1970) has been observed in mature Vicea sitchensis 
stands (Trappe, 1962). Less literature exists on the mycorrhizal 
associations of this species, although Marx and Zak (1964) have 
stated that it forms abundant mycorrhizas with slash pine 
(Vinus eVliottii var. eZZiottii) and enhances seedling growth over 
the pH range 4.0 to 6 .6 .
^Personal observation in 50 year old Vicea sitchensis stands at Alice 
Holt and Clocaenog Forests respectively (cf Table 20).
Isolate F^ is unique in soils of pH 6.4 and above, never 
more acid soils. In pure culture, F^ showed growth increasing in 
proportion to pH over the range tested (of Figure 26). The 
effect of acid rainfall and soil pH on a fungus with these 
characteristics was thought to be of interest.
4.2.3 Seeds
Seeds of Picea sitchensis (batch code: 70(711) lot B) 
were obtained from the seed stock department of the Forestry 
Commission, Alice Holt Lodge, Farnham, Surrey. Germination was 
estimated at 80%, there being 298 viable seeds per ounce.
-A
4.3 Methods
4.3.1 Soil preparation
Each soil was dug over, large pieces of flint, chalk, 
root and other debris being removed by hand, until it resembled a 
fine tilth.
Soils were watered to field capacity and then partially 
sterilised using the soil sterilant Basamid. Basamid, manufactured 
by B.A.S.F., contains 98.99% Dazomet (Dithiocarbamate-tetrahydro-3,5, 
di-methyl-2H-l,3,5-thiadiazine-2-thione) which produces the gas 
methyl isothiocyanate when in contact with soil water. Basamid 
was applied to each soil at the recommended rate of 30 g per 70 1 
soil. Soils were dug over three times and sealed in black polythene 
bags for 2 weeks at 20°C.
The partially sterilised soils were used to fill 32 
22.5 cm (9 in) diameter plastic pots each to within 5 cm of the 
top of the pot. Each pot contained approximately 3 .1 of soil.
Before filling, all pots were washed in I.M.S. (Industrial 
Methylated Spirit) to minimise stray contamination by spores of other 
potentially mycorrhizal species.
Random samples of each soil were taken immediately after 
potting and at 7 day intervals thereafter to test for the 
presence of methyl isothiocyanate using a cress phytotoxicity test. 
Soil samples were placed in small polystyrene containers, brought 
up to field capacity with distilled water and the soil surface 
scattered with cress seeds. Containers were sealed with transparent 
"Clingfilm" and compared with a control of unsterilised soil set up 
at the same time. When the germination of cress seeds was equal in 
both treated and untreated soils, the sterilant was assumed to have 
dispersed.
Potted soils were dug over and watered with distilled 
water twice a week to aid dispersal of the sterilant.
The sterilant took 14 days to disperse from the two peaty 
upland soils and 7 days to disperse from the surface water gley soil. 
However, from the renzina soil all the sterilant seemed to have 
dispersed only one or two hours after potting out i.e. the first cress 
test showed no signs of toxicity. To verify that this soil had 
indeed been sufficiently sterilised and that the sterilant had 
perhaps dispersed more rapidly than from the other, wetter, soils, 
a further toxicity test was performed.
Particles of the sterilised soil were transferred 
aseptically onto 3 plates of each of the following media - potato 
dextrose agar (P.D.A. - Oxoid code CM 139), malt extract agar 
(M.A. - Oxoid code CM 59) and MMN medium solidified with 1.5% agar. 
Control plates using particles of the original unsterilised soil 
were set up simultaneously. All plates were incubated at 20°C for 
4 days before examining. Results (Table 28) showed conclusively 
that the sterilant had had a toxic effect on the soil's microbial 
population and thus that the soil was sufficiently sterilised for 
this experiment.
When all traces of toxicity has disappeared from each 
soil,, random soil samples were collected for soil analysis. Samples 
of "wet" (undried) soil were taken for measuring pH (see Chapter 2.2 
for method) and nitrate-, nitrite-, and ammonia-nitrogen contents 
(using the spectroscopic methods described by Russell, 1980).
Air-dried samples of soil were analysed for moisture content, loss-
t
on-ignition, cation exchange capacity, exchangeable cations
^  ^  2^. 2+ 2+ 31
(Na , K , Ca , Mg , Mn and Fe ) and exchange acidity
3+ +
(exchangeable A1 and H ) by the C.E.R.L. Marine Biology Unit at 
Fawley, Hampshire using the methods described by Holmes (1980).
TABLE 28
Results -of microbial toxicity testing of Friston 
Forest renzina soil (pH 6.4) after partial sterilisation
with Basamidt
Mediumt P.D.A. M.A. MMN
Soil C* S* C S C s
Fungal + + +
Growth + - + - + —
+ + +
Bacterial + + +
Growth + + + + + +
+ + +
t See text for details
*C = Control or untreated soil
S = Soil subjected to partial sterilisation
+++ = Growth of fungus or bacterium unaffected
+ = Growth of fungus or bacterium severely
restricted
- = No microbial growth
4.3.2 Fungal inoculum preparation
Fungal inoculum was prepared in bulk using the method 
developed by Marx and Bryan (1975) and adapted by Thomas (1980).
Each fungus was grown on MMN agar for 50 days at 25°C.
6 mm diameter agar plugs were cut, using a sterile cork borer, from 
the edge of each thallus and transferred to fresh MMN plates for 
a further 7 days at 25°C. This was to screen for contamination 
and to ensure vegetabive growth from the fungal plugs.
32 1.5 1 Kilner jars were each filled with 1200 ml of 
vermiculite, 50 ml of finely divided peat moss (passed through a 
2 mm mesh sieve) and 600 ml liquid '"MMN - medium. The lid of each 
jar had been previously modified to contain a glass air-vent 
plugged with non-absorbent cotton wool. Kilner jars were autoclaved 
for 30 minutes at 15 lb/sq in. Each of 8 Kilner jars was now 
inoculated with 12 plugs of one of the three test fungi. The 
remaining 8 Kilners were inoculated with 12 plugs of sterile MMN 
agar, thus providing the control inoculum.
Kilner jar air-vents were wrapped in parafilm and 
the jars incubated at 25°C for 12 weeks. Jars were screened 
weekly for contamination and vigorously shaken afterwards to break up 
fungal mycelium and ensure a more homogeneous colonisation through 
the medium.
Prior to the bulking of inoculum for experimental use, 
a final test of purity was performed on the contents of each Kilner 
jar. Small pieces of vermiculite from each jar were plated onto MMN 
agar and incubated at 20°C. Resultant thalli were compared with 
cultures of the original fungi inoculated and any jars found 
producing colonies other than those inoculated were discarded.
Bulk inoculum was prepared by emptying the contents of 
all jars inoculated with the same fungus into a large muslin bag.
The bag and contents were leached with approximately 10 1 of cool 
running tap water (to remove non-assimilated nutrients (Marx and 
Bryan, 1975)).and excess water squeezed out. Incolum was then ready 
for immediate use.
4.3.3 Fungal inoculation procedure and sowing of seed 
2 0 0 ml of each of the four inocula (three fungal 
inocula and one control inoculum) prepared as described above, was 
mixed into the top 10 cm of 8 pots of each soil type. A total of 
128 pots were inoculated.
Immediately prior to inoculation, all soils were 
watered to field capacity with distilled water.
Approximately 13 oz of Picea s'ltchensis seed were surface 
sterilised using the method described in Chapter 3.1. 30 seeds were
then distributed evenly over the soil surface of each pot using 
flamed forceps. The soil surface was covered with a 1 cm'layer of 
sterile perlite to reduce airborne contamination by spores of other 
mycorrhizal fungi.
The perlite used had been washed in 0.5 M hydrochloric 
acid followed by several rinses in tap water and two washings in 
distilled water before autoclaving. This treatment was;to eliminate 
as many impurities as possible. To determine whether the perlite 
might interfere with the chemical composition of leaching rainwater, 
the following experiment was performed.
Perlite experiment
Two leachates were obtained from the C.E.R.L. pot 
experiment (Rippon, 1980), one leachate being derived from an 
acid rain-watered H, A, B, C horizons pot stack and the other from 
a distilled water leached H, A, B, C horizons stack. i
Table 29
Elemental analysis results of two soil 
leachates after treatment with perlite^ 
for 5 days at 20°C
Leachate*2
Element (ppm)
+
Na K+ Ca2+ Mg2+ t. 3+ Fe Al3+
pH
Distilled
Water
Leachate
p* 17.1 2.91 18.1 1.41 0.9 3.4 4.0
C* 1.04 1.23 1.76 0.51 0 . 2 1 . 2 14.3
Difference 16.07 1 . 6 8 16.34 0.9 0.7 2 . 2
Acid
Rain
Leachate
P 17.5 4.36 24.7 3.78 0 . 8 4.9 3.9
C 0.96 2 . 8 6 1 0 . 0 3.72 NIL 3.0 4.2
Difference 16.19 1.5 14.7 0.06 0 . 8 1.9
= See text for experimental details
= pH measured using an E.I.L. combined spear
electrode and an E.I.L. model 38B pH meter
*P = Leachate plus perlite
C = Leachate only (control)
For each leachate, two 500 ml conical flasks were set up,
each containing 250 ml leachate and one also containing 300 ml sterile
perlite. Flasks were covered with parafilm and left for 5 days at
20°C before leachates were spectroscopically analysed at C.E.R.L.
Results are shown in Table 29 . These suggest that the perlite
2+ +
itself enriches the leachate, particularly with Ca and Na ions. 
There seems little difference between acid- and distilled water- 
derived leachates in this respect.
Thus when using a perlite covering, an initial enrichment 
of the soil beneath must be expected although this is thought to 
cease after a few waterings as all impurities are washed out, and 
the perlite becomes relatively inert. There is no evidence that 
ion exchange occurs in perlite which would be a highly undesirable 
effect in an experiment of this kind.
4.3.4 Experimental design
The experiment involved four soils, four inocula, two 
watering regimes and four replicates of each soil/inoculum/watering 
treatment. To minimise greenhouse variation, one of each of the four 
replicates was placed in a separate block. Treatments within each 
of the four blocks thus formed were randomised using random number 
tables (Clarke, 1969; Fisher and Yates, 1963).
The complete 8 x 4  randomised block design is shown in 
Figure 35 . Each block contained 32 pots, one of each experimental 
treatment. Each pot was set on top of a breeze block in which the 
central well had been filled with acid-washed silver sand (see 
Plate 35 ) . The sand was washed three times in distilled water . 
before use. The base of each pot was in direct contact with the 
sand in order to maintain a continuous downwards flow of liquid 
through the pots* soil. This system prevented the problem of
Figure 35 
Creenhouse Pot Experiment Block Desip,n
Block 1
L.L. 
S.W.C.
*4
P.C.
B12
P.G.
*
L.L.
P.l.
C
P.C.
*
C
S.V.G.
L.L.
P.l.
n
R
* * * *
L.L. c *4 L.L. B12 L.L. b12 b12
P.G. R S.V.G. R R P.C. S.V.G. P.l.
* * * * * * *
B12 Bl2 C C F4 L.L. L.L.
P.l. P.C. P.G. P.G. P.G. P.l. R S.V.G.
* * *
c b 12 C F4 B12 C n *4
S.V.G. R R P.l. S.V.G. P.l. R S.V.G.
Block 2
* * * *
*4 L.L. b12 B4 L.L. b12 L.L. F4
S.V.G. P.l. S.V.G. R R P.G. R s .v . c .
* * *
Bl2 u b12 *4 L.L. C B12 L.L.
S.V.G. p.l. R R S.V.G. P.G. R P.l.
* * * * *
L.L. c C L.L. C C B12 n
P.G. p.i. S.V.G. S.V.G. P.G. P.l. P.l. P.C.
* * * .*
C c F4 L.L. C b12 F4 B12
S.V.G. R P.l. P.G. R P.l. P.G. P.G.
Block 4 Block 3
L.L.
R
L.L.
P.l.
F4
R
*
L.L.
P.l.
C
S.V.G.
C
R
*
*4
R
*
b12
P.l.
* * * *
L.L. b12 F4 L.L. C C *4 b 12
S.V.G. S.V.G. S.V.G. P.G. P.G. S.V.G. P.l. R
* * * *
C b 12 C b 12 *4 L.L. b12 L.L.
P.l. S.V.C. P.l. P.l. P.C. R P.G. S.V.G.
* * * • *
b12 L.L. c C F4 *4 b12 *4
R P.G. R P.G. P.G. P.l. P.G. S.V.G.
* * * * *
B12 F4 C F4 L.L. L.L. F4 b12
P.l. P.l. P.G. R S.V.G. P.l. S.V.G. S.V.G.
* * *
F4 L.L. C L.L. C b12 C L.L.
P.G. P.G. S.V.G. R R . P.G. P.G. R
* * *
C F4 F4 C C L.L. F4 *4
P.l. P.l. P.G. S.V.G. P.l. P.l. R S.V.G.
* * * * *
L.L. b12 b12 b12 b12 b12 L.L. C
P.G. P.C. R S.V.G. P.l. R S.V.G. R
KEY
Soils c.f. Table 11 for Forest locations and soil properties
P.G. Peaty gley (Clocaenog Forest)
P.l. Peaty ironpan (Clocaenog Forest)
& Renzina soil (Friston Forest)
S.V.G. Surface water gley (Alice Holt Forest)
C Control
Fungi
L.L. Laccaria laccata
Bj2 Isolate B12 (TheZephora terrestris)
F4 Isolate F4
□  •Pot treated with acidified simulated rain, pH 3.0
□  Pot treated with simulated rain, pH 5.6
waterlogging common in pot experiments and approached more nearly the 
in vivo soil situation where liquid is continually flowing down 
through the soil profile towards the water table.
A.3.5 Watering regime
Immediately after pots were inoculated and placed in 
blocks, the watering regime started.
The chemical composition of precipitation falling at 
Birkenes in southern Norway was supplied by Arne Stuanes of the 
Norwegian Forestry Research Institute, along with details for 
preparation of such a solution (see Appendix Vila). Stuanes* 
"simulated rain" formula was modified at C.E.R.L. to avoid 
precipitation of calcium carbonate (CaCO^) in the stock solution 
during storage. The modified formula (Appendix Vllb) was used 
throughout this experiment.
The pH of simulated rain made according to this formula 
was 5.6 ± 0.2, but could be adjusted to pH 3.0 by the addition of 
1 ml 1 M  sulphuric acid (^SO^) per litre rain.
Four pots of each soil/fungus combination were watered 
with the simulated rain and the remaining four of each combination 
with the acidified simulated rain.
Each pot was watered two to four times a week depending 
on prevailing weather conditions. At first, a special watering 
device (Figure 36 ), designed to simulate raindrop size and 
distribute rain evenly over the soil surface, was employed. As 
seedlings grew taller and larger volumes of rain were required during 
the summer months, this device was no longer practical and an 
ordinary indoor mini watering-can was used.
The amount of rain applied to each pot was gradually 
increased from 150 ml to 400 ml throughout the experiment.
This watering regime was continued for 6 6 weeks, each pot 
receiving 297.35 ± 3.02 litres of rain.
Water Reservoir-
Sprinkling nozzles 
(8)
Sprinkling dome
Pot containing 
experimental soil 
and seedlings
Free-standing metal 
frame. Supports 
sprinkling device at 
suitable height 
above soil surface
_ l L
Figure 36
Watering device (greenhouse pot experiment) 
Not to scale
4.3.6 Routine observation, thinning and sampling of experiment
For 21 weeks after sowing, all pots were regularly 
examined. The number of germinating seeds per treatment and the 
vigour of the resulting seedlings was noted. In this way the effect 
of treatment on the percentage and rate of germination and the survival 
and establishment of seedlings could be observed.
After 21 weeks seedlings were thinned to a maximum of
10 per pot.
After 35 and 47 weeks respectively, seedlings were 
sampled to monitor the progress of mycorrhizal formation and to 
assess growth.trends that might be emerging with respect to treatment.
At each sampling, one or two seedlings were removed at random from 
each pot, giving a maximum of 8 seedlings sampled per treatment each 
time. Care was taken to leave a minimum of three seedlings per pot 
for the final harvesting.
Measurements of shoot height and root length were made
\
for each seedling. Mycorrhiza formation was assessed using a x 20 
Nikon stereoscopic microscope. Root squashes, mounted in lacto-fuchsin, 
were prepared from seedlings of each treatment and examined using a 
Leitz Laborlux microscope to confirm the presence or absence of 
mycorrhizas.
Several representative mycorrhizas from each treatment, 
if present, were preserved in formalin-acetic-alcohol (F.A.A.; 63% 
absolute ethanol, 27% water, 5% glacial acetic acid and 5% 
formaldehyde-40% solution) for comparison with those obtained in the 
final harvesting.
Mycorrhizas were also used from which to attempt 
isolation of the fungal symbiont involved. Isolation method 3 was 
used and all isolation media contained aureomycin (of Chapter 2.3) .
These isolations provided evidence that the fungal symbiont present 
and the isolate originally inoculated were the same fungus.
Fruiting bodies arising from both the soil surface 
within pots and around pot bases were noted and photographed.
4.3.7 Final harvesting of pot experiment
Immediately prior to the final harvesting, colour 
photographs of both the complete experiment and small groups of 
pots were taken for visual comparison of treatments.
Harvesting took place in two parts with the aid of the 
Forestry Commission (Alice Holt) Site Studies staff. In the first 
part, after 56 weeks of growth treatments 1 to 22 were harvested, 
and in the second part, 10 weeks later, the remaining 10 treatments 
were harvested.
Perlite was removed from the soil surface of each, pot 
and seedlings carefully separated from the soil. Soil from all 
four replicate pots of each treatment was bulked and mixed 
thoroughly. Samples of each treatment soil were analysed as 
described in Chapter 4.3.1. In addition, rates of nitrification 
were measured for each of the eight. control treatments (4 soils x 2 
rains x 0 fungi) using the incubation method described by 
Wood (1968).
For each seedling, the following characteristics were
recorded
1. Foliage colour. This was designated "blue", "green",
"yellow" or "brown" (dead). Three standard colour seedlings were
chosen from the experiment to represent the former three colours
for comparison.
2. Number of lateral shoots.
3. Shoot height above the root collar.
4. Root length below the root collar.
5. The percentage mycorrhiza formation and the type of 
mycorrhiza dominant. Roots were washed thoroughly and examined in 
water using a x 20 Nikon stereoscopic microscope.
Percentage mycorrhiza formation was estimated using a 
broad scale where
0 represented no mycorrhizas formed
1 represented < 1 0% mycorrhizas
2 represented 10 to 45% mycorrhizas
3 represented 45 to 80% mycorrhizas
4 represented > 80% mycorrhizas
Once gross morphological characteristics had been recorded, mycorrhizas 
were further characterised by the examination of root sections and 
squashes. Transverse sections, approximately 7 ym thick, were 
prepared using a M.S.E. hand-operated freezing microtome as described 
by Thomas (1980) and mounted in lactophenol. Root squashes were 
mounted in lacto fuchsin as described in Chapter 4.3.6. Both sections 
and squashes were examined using a Leitz Laborlux. microscope.
A random sample of roots from seedlings of each 
treatment was also taken and re-isolation of the mycorrhizal fungal 
symbiont attempted as described in Chapter 4.3.6.
Representative seedlings were photographed after 
separation from the soil to illustrate the difference in root 
system development with respect to experimental treatment.
Seedlings from each pot were then washed in de-ionised 
water and bulked. Excess water was removed with tissues, seedlings 
separated into root and shoot portions and the two portions dried 
separately for 24 hours at 105°C. Root and shoot dry weights for 
all treatments were obtained from the cooled material.
Treatment of data
Numbers of seeds germinating in each of the 32 treatments
  . 2
were tested for significance weekly using the x test, as described
by Clarke, 1969. These numbers were also rearranged into bulk figures
with respect to the more general soil, fungus and watering regime
effects and tested as above.
Shoot height, root length and shoot and root dry weight
measurements were subjected to Analyses of Variance, using four 
sources of variation: block, soil, fungus and rain.
Analysis of Variance tables thus obtained (Appendix VIII) 
were bulky,containing so much data that interpretation of results 
was confusing. The application of a multiple range test to such 
data, considered necessary to show exactly which treatments are 
significantly different, was impractical, there being 128 treatments 
in all.
From the tables, however, it was noted that the effects 
of blocking were non-significant in three of the four cases. Only 
in the analysis of root length data was variation between blocks 
significant. Root length measurements were perhaps the most variable 
of the four obtained owing to the difficulty of extracting whole root 
systems from the soil without damage and the great differences in 
growth habit, even within the same pot. These results would thus 
be treated with same caution.
Thus, the effect of blocking was considered 
non-significant overall and omitted from the Analysis of Variance.
New tables of Analysis of Variance were obtained 
(Appendix j x ) and Duncan’s multiple range test (Duncan, 1955) 
applied to these.
4.4 Results
4.4.1 Germination data
Numbers of seeds germinating showed no significant difference 
with respect to the watering regime used. Only one fungal treatment, 
viz, Laocaria taccata, caused a significant (p $ 1%) increase in 
numbers compared with the other fungi and the control. However, this 
effect was not general and occurred in only two soil types (surface 
water gley and peaty gley) from 16 weeks onwards.
The clearest effect seen on germination figures was 
caused by the soil type. The renzina soil significantly (p £ 0.1%) 
increased the germination rate compared with the other soils from 
13 weeks onwards. This effect is illustrated in Figure 37.
4.4.2 Routine observation and sampling
The progress of mycorrhiza formation in the 32 treatments 
during the experiment is shown in Table 30.
Isolate B^2 rapidly established mycorrhiza formation 
(within 35 weeks) in three of the four soils. In these soils, 
mycorrhizas were abundant and similar in section to those formed 
in pure culture synthesis {of Figure 11). In the fourth soil, the 
renzina, mycorrhiza formation was sparse and was thus recorded 
infrequently (of Table 30) . These latter mycorrhizas had thinner 
sheaths (approximately 2 0 ym wide) and were darker in colour than those 
formed in the other three soils.
Isolate B ^  was only fungus to form mycorrhizas in 
the renzina soil.
Laccaria laocata mycorrhizas were observed after 47 
weeks. These were less abundant than those of isolate They
were similar in section to those formed by L. iacoata in pure culture 
synthesis (of Figure 15).
Greenhouse Pot Experiment 
1. Germination rate plots - Pioea sitchens'is 
seed in four different soils
25a
KEY125-
(1) Renzina soil
(2) Peaty gley soil
(3) Surface water gley soil
(4) Peaty iron pan soil
For soil origin and characteristics 
see Table
10 20 30 AO 50 60 70
Days
Total number of seedlings in each soil (data plotted above)
..... Soil
Day+
0 11 14 18 25 32 40 48 56 67 74
Renzina 31 36 37 40 128 234 367 402 414 438 430
Peaty gley 13 18 2 0 25 75 133 2 1 1 249 267 276 261
Surface water gley 24 29 29 30 78 144 213 257 272 279 272
Peat iron pan 14 17 18 19 80 136 228 276 289 299 296
+ Day 0 = First seedling count, 70 days (10 weeks) 
after sowing
Table 30
Greenhouse Pot Experiment
2. Progress of mycorrhiza formation in the 32 
treatments during the experiment
Soil*3 Fungus*2
. a
Rain
Sampling^
1 2 3
Renzina LL Acid - - -
b 12
— — —
*4
— —
C —
LL Control - - -
b 12
+ + —
f4 ■“ —
C
Surface water gley LL Acid - + +
b 12 + + +
f4
— + +
C - - - +
LL Control - + +
B 12
+ + +
f4
C - - -
Peaty gley LL Acid - + -
b 12 + + +
f4 + — +
C — + +
LL Control - - -
b 12
+ + +
f4 + + +
C — + +
Peaty iron pan LL Acid - - +
b 12
+ + +
“
+
L.
LL Control + + +
b 12
+ + +
F4
— + +
C + +
a See text (Chapters 4.2 and 4.3.5) for 
experimental details
Sampling 1 - after 35 weeks
Sampling 2 - after 47 weeks
Sampling 3 - final harvesting results
(66 weeks). See also Figure 40
+ Mycorrhizas observed in root sample taken 
- No mycorrhizas observed in root sample taken
Unidentified mycorrhizas, presumed to be those of 
isolate were observed after 66 weeks. These were very sparse in 
distribution. They were thin-sheathed and identified by root 
squash preparation only.
In all cases where mycorrhizas were recorded in control 
treatments, they were identified as those of isolate B.^
{TheZephora terrestris) .
The watering regime had no apparent effect on the process 
of mycorrhiza formation for the three fungi studied.
Isolate was re-isolated from mycorrhizas in all 
pots where its mycorrhizas had been identified. Re-isolation of 
Laccaria Zaccata from mycorrhizas was successful in approximately 25% 
of cases. Isolate F^ was never sucessfully re-isolated from the experiment.
4.4.3 Final harvesting
Plate 35 shows the greenhouse pot experiment immediately 
prior to final harvesting.
Sporocarps of Laccaria Zaccata and TheZephora terrestris 
arising from both the soil surface within pots and around pot bases 
are recorded in Plates 36 to 39.
Representative pots from each of the 32 treatments were 
grouped according to watering regime and fungal inoculum to 
facilitate visual comparison of treatments (Plates 41 to 48).
4.4.3.1 Seedling analysis 
Foliage Colour
Seedling foliage colour was strongly influenced by soil 
type, irrespective of watering regime (Table 31, and cf Plates 41 to 
48).
Seedlings grown in peaty gley and peaty iron pan had a 
typical healthy, blue-green needle colour (cf page 236, "blue").
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Plate 37
Sporocarp of Laccaria Zaccata arising from base of pot (x 2)
Plate 38
Sporocarp of Laccaria Zaccata arising from soil 
surface within pot (x 0.39)
Plate 39
Sporocarp of TheZephora terrestris arising from base of pot (x 2)
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Table 31 
Greenhouse Pot Experiment
3. Dominant seedling foliage colour in 
the 32 experimental treatments
Soila Fungus*3 Rain a Foliage Colour^
Renzina LL Acid Yellow
B 12 Yellow/Green
F4 Yellow/Green
C Yellow
LL Control Yellow
b 12 Yellow/Green
*4 Yellow/Green
C Yellow
Surface water gley LL Acid Green
B 12 Green
F4 Green
C Green
LL Control Green/Blue
B 12 Green
f4 Yellow/Green
C Green/Blue
Peaty gley LL Acid Blue
B 12 Green/Blue
f4 Blue
C Yellow
LL Control Blue
b 12 Blue
f4 Blue
C Blue
Peaty iron pan LL Acid Blue
b 12 Green/Blue
f4 Blue
C Blue
LL Control Blue
b 12 Green/Blue
f4 Blue
C Blue
a See text (Chapterfs 4.2 and 4.3.5) for 
experimental details
See text (Chapter 4.3.7) for details of 
foliage colour designations
Those grown in the surface water gley soil had a yellower foliage 
tint, giving seedlings a bright green, rather lustreless colour. 
Seedlings grown in renzina were yellow-green with lower needles 
characteristically red or red-brown in colour (cf page 236, " yellow”).
Only one fungal isolate, affected foliage colour.
Needles of seedlings grown in three of the four soils inoculated 
with this isolate were distinctly yellower than average. In the 
fourth soil, the renzina, needles were greener (often a healthy 
blue-green) than those from seedlings grown in soils inoculated 
with the other fungi.
Shoot and root measurements and dry weights
Analysis of Variance tables for shoot height, root
length and shoot and root dry weight data are given in Appendix IX.
From these tables it is noted that the effect of soil on all the
1
measurements is highly significant (p £ 0 .1%).
From the shoot height table, both fungus and rain
treatments also appear highly significant as main effects, with
all three treatments viz fungus, rain and soil, causing significant
effects by their interaction. The shoot dry weight table gives
similar results although here the degree of significance is reduced
in all but the main soil effect.
Both root data tables show only the soil as a source of
significance. However, root data were considered less accurate
than shoot data (cf page238). Perhaps experimental inaccuracy
has blanketed all but the greatest source of variance in these cases.
Table 32 shows the 32 experimental means for each of the
four factors ranked in order from left to right (after Duncan, 1955).
Those means underscored by the same line are not significantly
different at the 5% probability level.
Appendix IX also contains two-way tables of means for shoot height
and dry weight data. These specify exactly which treatment means
are significantly different.
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Experimental means are displayed graphically in Figures 38 
and 39 . The data from which these graphs are plotted is given 
in Appendix X .
All mean measurement data accentuate the effect of soil 
on the experiment. Other effects are less immediately obvious.
The strong soil effect is also apparent for root 
system development during the experiment (Plate 50).
Seedlings in three pots were severely damaged by aphids 
during the experiment (Plate 49). These plants were included in 
the final seedling analysis but could cause misleading results 
(especially for shoot dry weights) for the three treatments involved. 
Mycorrhiza Formation
The percentage mycorrhiza formation and the type of 
mycorrhiza dominant in the 32 experimental treatments at the final 
harvesting are shown in Figure 40. These data correlate well with 
those obtained from routine sampling of the experiment (Table 30 ).
4.4.3.2 Soil analysis
Analyses of the four soils prior to experimentation and 
of the 32 experimental soils after harvesting are given in 
Appendix XI. Tables 33 and 34 display the same data in a more 
compact form, highlighting the differences in soil chemical 
composition before and after experimentation.
pH measurements for soils before and after 
experimentation are given in Table 35 . Four different methods of 
soil pH measurement are compared.
Nitrification rates for the four control (no fungus 
inoculated) soils at the termination of the experiment are shown 
in Table 36 .
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Plate 49
Greenhouse pot experiment. Seedlings showing 
severe aphid damage (x 0.2)
Plate 50
Representative seedlings from control soils (no fungus 
inoculated) showing typical differences in root system 
development (x 0.15)
W = Surface water gley soil 
X = Peaty gley soil 
Y = Renzina soil
Z = Peaty ironpan soil
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Table 33
Greenhouse pot experiment - analysis of the four 
soils used before and after experimentation 1 .
Soil moisture, loss on ignition and nitrogen content*?,
For full analysis of all 32 experimental soils, see A p p e n d i x  XI
Soil Type^
Renzina Surface 
Water Gley
Peaty Gley
Peaty 
Iron Pan
% Moisture id 6.90 4.27 8.69 7.47
(105°C) 2d 6.45 ± 0.97 4.40 ± 0.65 8.75 ± 1.09 7.25 ± 1.36
% Loss on 1 29.64 30.16 67.74 50.84
Ignition (450°C)2 26.33 ± 1.40 30.20 ± 1.31 65.70 ± 2.19 48.19 ±7.41
% Loss on 1 38.03 30.88 68.40 51.63
Ignition (850°C) 2 36.85 ± 5.61 31.62 ± 1.24 66.48 ± 2.22 49.55 ± 7.26
NH^-N ppm 1 15.17 6.63 5.17 3.60
2 0.75 + 0.28 1.47 ± 0 . 8 8 1.60 ± 0.85 1.46 ± 0.46
NO3-N ppm 1 <0.05 0 . 1 1 <0.05 <0.05
2 3.9 ± 2.65 <0.05 <0.05 <0.05
Cation Exchange 1 52.1 41.2 89.8 . 70.5
Capacity 2 55.4 ± 3.6 42.9 ± 1.7 90.5 ± 4.7 61.4 ± 8.4
a Nitrite-nitrogen (N0 2 ~N) levels, measured in all soils before and after 
experimentation, remained indetectable (< 0.05 ppm)
^ For soil origins and characteristics of Table 11 
c
All factors analysed using the methods of Holmes (1980)
d 1 = Analysis before experimentation
2 = Analysis after experimentation
Table 34
Greenhouse pot experiment - analysis of the four 
soils used before and after experimentation 2 . 
Exchangeable acidity and extractable cations
For full analysis of all 32 experimental soils, see AppendixXI
Soil Type^1
Renzina Surface 
Water Gley
Peaty Gley Peaty 
Iron Pan
Exchangeable5 AAcidity 
(1) Aluminium (Al) 1&
2 d
0
:o
4.2 
5.98 ± 1.27
1 0 . 6  
8.92 ± 0.79
7.7 
8.56 ± 3.5
(2) Hydrogen (H+) 1
2
0 . 1  
0 . 0 1  ± 0 . 0 2
1.7 
1.82 ± 0.44
0.78 
3.55 ± 0.37
2.9 
3.09 ± 4.16
Total 1 
0 0  2
0 . 1  
0 . 0 2 ± 0 . 0 2
5.9 
7.47 ± 0.67
11.4 
12.47 ± 0.83
1 0 . 6  
11.65 ± 4.3
Extractable Cations
(1) Sodium (Na) 1
2
1 . 2  
0.16 + 0.04
0.18 
0.15 ± 0.04
0.58 
0 . 2 2  ± 0.06
0 . 6 8  
0.18 ± 0.06
(2) Potassium (K) 1
2
0.06 
0.49 ± 0.06
0.47 
0.31 ± 0.11
0.47 
0.34 ± 0.07
0.27 
0.28 ± 0.06
(3) Calcium (Ca) 1
2
85.4 
95.4 ± 5.95
4.44 
3.40 ± 0.39
2.48 
3.20 ±r 1.42
0.94 
2.47 ± 2.13
(4) Magnesium (Mg) 1
2
3.74 
2.74 ± 0.70
0.75 
1.71 ± 0.22
1.61 
3.51 ± 0.53
1.15 
2.30 ± 0.82
(5) Manganese (Mn) 1
2
0.08 
0.03 ± 0.02
0.35 
0.17 ± 0.03
0.04 
0 . 0 2  ± 0 . 0 1
0 . 0 1  
0.04 ± 0.07
(6) Iron (Fe) 1
2
0.24 
0.17 ± 0.18
3.35 
2.46 ± 0.71
5.0 
3.29 ± 0.51
1.62 
1.45 ± 0.45
Total 1 
(I) 2
90.48 
98.78 ± 6.07
6.19 
5.69 ± 0.65
5.18 
7.31 ± 1.48
3.05 
5.27 ± 2.61
Base Saturation 1 
(%) 2
173.67 
178.37 ±7.37
15.02 
13.35 ± 1.86
5.77 
8.07 ± 1.51
4.33 
9.00 ± 5.20
b 1c r as for Table 3 3
d J
Table 35 .
Pot Experiment Soil pH Measurements
Figures shown are means of three replicate measurements
Soila Jy Soil pH Values4
Fungus Rain
Type and Origin 1 2 3 A
- - 7.35 7.55 7.52 7.20
LL Acid 7.05 7.55 7.65 7.A2
Renzina, b 12 7.20 7.60 7.18 7.20
Friston Forest, f a 7.30 7.A5 7.A0 7.20
Sussex c 7.20 7.65 7.A5 7.28
LL Control 7.10 7.60 7.A0 7.18
- b 12 7.20 7.50 7.AA 7.22
f4 7.10 7.60 7.A2 7.30
c 7.20 7.6A 7.A5 7.38
- - 3.60 3.35 3.58 3.10
LL Acid 3.20 3.35 3.30 2.98
b 12 3.30 3.A0 3A.2 3.10
Surface water gley, fa 3.55 3.50 3.A1 3.10
Alice Holt Forest, c 3.10 3.50 3.A0 3.11
Surrey
LL - Control 3.35 3.60 - -
b 12 3.35 3.60 3.53 3.09
fa 3.AO 3.75 3.52 3.10
c 3.35 3.80 3.55 3.20
- - 3.30 3.25 3.32 2.85
LL Acid 3.10 3.20 3.0A 2.82
B i 9 3.10 3.25 3.20 2.90
Peaty gley,
Fa 3.15 3.60 3.1A 2.77Clocaenog Forest, *♦C 2.90 3.A5 3.18 2.85
N. Wales
LL Control 3.25 3.35 3.25 2.96
b 12 3.15 3.65 3.31 2.98
F. 3.30 3.55 3.A3 2.92
C* 3.20 3.65 3.32 2.93
- - 3.A0 3.35 3.A2 3.00
LL Acid 3.10 3.50 3.20 3.92
Peaty iron pan, . B 12 3.25 3.35 3.A1 3.03
Clocaenog Forest, f a 3.A0 3.50 3.A5 3.08
N. Wales c 3.10 3.55 3.25 2.96
LL Control 3.50 3.65 3.70 3.08
B 12 3.A0 3.80 3.85 3.29
f a 3.55 3.65 3.50 2.99
c 3.25 3.65 3.A9 2.96
KEY .
4pH values: 1. Measurements made using an EIL combined glass 
spear electrode inserted directly into moist, 
seived soil sample. EIL pH meter model 38B used
2. Measurements made using above electrode/meter 
combination on a 1 : 1 fresh soil : water slurry 
(cf Chapter 2.2 for details)
3. Measurements made using an EIL 1160 series combined 
electrode and EIL 750 pH meter on a 1 : 2.5 dried 
soil : water mixture (Holmes, 1980)
A. Measurements made using electrode/meter combination 
from 3 above on a 1 : 2.5 dried soil : 0.01 M CaCl2 
solution mixture (Holmes, 1980)
a For further details of soils used, cf Table 11
^ Fungi: LL *= Laccaria laccata
B 12 “ isolate B 12 (Thelephora terreetrie)
F/j *» isolate F4 (unidentified)
C - control - no fungus present
Table 36
Nitrification rates in the four control soils used at 
termination of the pot experimentt
Nitrification is shown as nitrate- and ammonium- nitrogen 
content changes in soils over an 18 week period at 20°C.
Results are expressed in p.p.m. on a soil dry weight basis.
Figures given are means of duplicate samples.
.Treatmentf
Measurement
Soil Typet
Renzina
Surface Water 
Gley
Peaty Gley Peat Ironpan
Acid Control Acid . Control Acid Control Acid Control
Loss on Ignition (%)
Time 0 26.7 25.63 28.73 26.96 67.07 63.86 49.91 51.11
18 weeks 26.63 26.52 28.04 25.58 62.69 60.90 51.96 51.74
NO^-N p.p.m.
Time 0 121.5 109.7 8.7 8.2 9.7 8.2 8.4 8.2
18 weeks 167.7 152.7 8.6 8.3 0.2 0.4 0.3 0.3
NH^-N p.p.m.
Time 0 7.0 7.5 38.25 45.9 91.65 51.05 43.85 32.85
18 weeks 3.69 1.55 151.4 150.5 117.15 80.90 38.75 28.70
pH*
Time 0 7.11 7.33 3.26 3.49 3.13 3.32 3.17 3.35
18 weeks 6.32 6.58 3.27 3.47 3.08 3.21 3.36 3.27
+ See text for experimental details
* pH measured on a 1 : 1 fresh soil : distilled water
mix using a Corning 125 pH meter and combination electrode
4.5 Discussion
Results of the greenhouse pot experiment show that soil 
type has a very strong effect on the growth of TPicea s'Ltchensis 
seedlings.
The soil effect was highly significant in all the seedling 
measurement data. As such it was clearly visible in the experiment 
before harvesting (Plates 41 to 48) and could be seen dominating both 
germination data and foliage colour analysis where no other effects 
were apparent.
However, seedling shoot height data showed that the two 
other experimental treatments, X>%z. fungal inoculum and watering regime,• 
were also highly significant as main effects, the effect of the fungal 
inoculum being stronger than that of the watering regime (shoot dry 
weight data, Appendix IX). A fungal inoculum effect is expected, 
particularly in those soils of low nutrient status (for example, the 
two peaty soils and the surface water gley) as many workers have recorded 
increases in shoot height and dry weight of inoculated seedlings over 
uninoculated controls in such soils (see Chapter 1.2.3; also Theodorou 
and Bowen, 1970; Thomas, 1980). This is because the mycorrhizas of 
inoculated seedlings can absorb readily soluble ions more effectively 
than uninfected roots (Bowen, 1973), these ions being used to increase 
the seedling biomass.
Reported effects of acidified rainfall in tree growth have 
been somewhat contradictory (see Chapter 1.1). The watering regime 
in this experiment might be expected to have little effect based on 
the base saturation properties of the four soils used. Three soils 
(the two peaty soils and the surface water gley) have low base 
saturation values. Such soils are often unaffected by acid rain as 
most of their exchangeable cations have already been replaced with
hydrogen (Haugbotn, 1976; see Chapter 1.4.2.2). The fourth soil, the 
renzina, has a very high base saturation value and by virtue of its 
large capacity for neutralising percolating acids will be also 
unaffected by acid rain (Wiklander, 1975). Abrahamsen et at (1976) 
showed no significant height reduction in Norway spruce (Picea abies) 
seedlings grown in an acid forest soil after acid rain application 
over a two year period. Despite this, the present pot experiment results 
show that the effect of acid rain application on Sitka spruce 
(Picea sitchensis) seedling height was significant over a one year 
period. Thus the effects of acidified rainfall on growth still 
remain unclear.
The percentage germination in this experiment was low, 
between 30 and 45%, as compared with the expected 80% (Chapter 4.2.3). 
Decrease in germination rate was attributed to the weather conditions 
at the beginning of the experiment when a severe winter was followed 
by an early period of hot weather. Greenhouse facilities were 
inadequate to protect the germinating seeds.
Germination and consequent seedling establishment in the 
three acid soils (pH’s 3.1 to 3.3) were significantly decreased with 
respect to those in the near-neutral renzina soil. Abrahamsen et at 
(1976) also report significant decreases in germinating and seedling 
establishment in acidified soils. When percentage germination is 
recalculated on a similar basis to that used by Abrahamsen et at (1976), 
normal seedling establishment was reduced by 64% in the acid soils, a 
smaller reduction than the 80% recorded by Abrahamsen et at, although 
the soils used in this experiment were more acid than those of the 
lowest pH (3.8) tested by the latter workers.
Greater numbers of seedlings may have become established 
in the renzina, as opposed to the acid soils because of its high
percentage base saturation. This implies a large pool of cations 
available for the seedlings' uptake and consequent growth. Benzia n 
(1965) observed that Sitka spruce seedlings thrived better in calcareous 
soils if the available nitrogen source was ammonium rather than nitrate. 
It is noted that the renzina soil had a high ammonium-nitrogen content 
at the start of this experiment.
Seedling foliage colour proved to be an interesting 
reflection on the soil condition. Seedlings in the renzina soil became 
uniformly yellow with needle tips turning dark red to brown as the 
experiment progressed. These symptoms are typical of nitrogen 
deficiency (Benzfan, 1965). The very long, thin root systems seen in 
this soil are also characteristic of the deficiency (Ingestad, 1959).
Such definite symptoms could not be correlated d i r e c t l y  with levels 
of nitrogen in the soil, however, so that a more complex explanation 
is indicated.
The high calcium level in the renzina soil may have caused 
yellowing in seedling needles. Lime-induced chlorosis is a commonly 
described symptom in conifers (Dale, McComb, Loomis, 1955; Benzian,
1965) and has been attributed to both iron and manganese deficiencies 
in calcareous soils. Dale et al (1955) also stressed the importance 
of the mycorrhizal habit in lime soils, stating that without mycorrhizas, 
conifers in these soils would soon develop chlorotic symptoms. This 
was accentuated by more recent work on Austrian black pine (Pinus 
nigra nigricans) where the assumed tolerance of this species to 
high calcium carbonate levels in soil was shown to be a direct 
consequence of the mycorrhizal habit. Seedlings without mycorrhizas 
developed chlorosis and died (Clement, Garbaye and Le Tacon, 1977).
A similar mycorrhizal effect was visible in the pot experiment. Those 
few seedlings forming mycorrhizas with isolate B ^  (Thet&phora terrestris) 
in the renzina soil could be differentiated from non-mycorrhizal ,seedlings
by their healthy blue/green needle colour (Plate 44).
In soils of slightly alkaline pH, high nitrate levels rather 
than pH per se are thought to cause inhibition of mycorrhizal 
infection (Richards, 1965; Theodorou and Bowen, 1969). The renzina, 
in common with the other soils used, has a low nitrate-nitrogen 
content, so that it is unlikely that this is the cause of poor 
mycorrhizal development in the soil. It is possible, however, that 
the pH itself has inhibited the growth of the mycorrhizal fungi through 
the soil prior to infection (Theodorou and Bowen, 1969), for most 
mycorrhizal fungi are acidophilic (see Chapter 1.5).
Stunting of growth or "conifer check" has long typified 
conifer seedlings transplanted from nursery to forest soils 
(Benzi&n, 1965; Handley, 1963; Bjorkman, 1970). Transplanting from 
nursery to forest is standard Forestry Commission practice so than 
stunting can be a serious practical forestry problem. A similar 
phenomenon has been reported when exotic tree species are introduced 
onto foreign soils (Mikola, 1973). Stunting has now been interpreted 
as a mycorrhizal problem, healthy growth resuming when mycorrhizas 
that can function efficiently in the new soil type are formed.
Stunting was characteristic of seedlings growth in renzina soil and 
was explained as above in terms of poor mycorrhizal development.
Those seedlings forming mycorrhizas were distinctly taller than their 
non-mycorrhizal counterparts.
Seedling root growth is known to be strongly influenced 
by soil type (Fraser and Gardiner, 1967) and unsurprisingly this 
phenomenon was observed throughout the experiment (Plate 50).
Isolate B ^  was proven to be Thetephora terrestris by the 
production of typical fruiting bodies in pots where this isolate 
had been inoculated (Plates 36, 39 and 40).
T. terrestris was concluded to have been a poor choice of 
fungus for the greenhouse experiment. .Although it grew fast and 
formed abundant and distinctive mycorrhizas (both of which are desirable 
characteristics) its spread throughout the experiment was rapid and 
indiscriminate. Spread was enhanced by two characteristics - ease of 
production of fruiting bodies and production of mycelial cords.
Robertson (1954) demonstrated the ease with which basidiospores can 
cause mycorrhizal infection. Skinner and Bowen (1974a) stressed the 
importance of mycelial cords in increasing effectiveness of nutrient 
uptake in sheathing mycorrhizal fungi as well as in promoting rapid 
spread. produced mycelial cords in pure culture (Plate 3) and in
the soil (Plates 39 and 40). The reason for this isolates failure 
to colonise the renzina soil may be due to the compact structure of 
the latter,for it has been observed that soil compaction causes great 
inhibition of mycelial cord growth (and presumably the rapid spread 
of this fungus) through the soil (Skinner and Bowen, 1974b).
Laccaria taccata proved a better choice of fungus for 
experimentation for, although growth was slower and mycorrhizas less 
abundant compared with T. terrestris, this fungus did not spread to 
adjacent pots. No mycelial cord formation was observed in 
L. taccata.
Both Thetephora terrestris and Laccaria taccata are 
regarded as facultative mycorrhizal fungi often occurring as 
pioneer fungi on nursery sites or in sterile soil (Mikola, 1970;
Marx, Bryan and Grand, 1970; Thomas, 1980). Although easily 
replaced by more specific fungi (Marx and Zak, 1964), both species 
have also been recorded in mature stands (Trappe, 1962).
Isolate F^, however, was obtained only from mycorrhizas of 
mature Sitka spruce growing in neutral forest soil. In pure culture 
F^ growth is very slow. These characteristics all suggest a highly
obligate mycorrhizal nature (Harley, 1969). The reason for the 
apparent failure of this isolate in the experiment may be^therefore, 
that the correct ecological and edaphic conditions for mycorrhiza 
formation have not been created. Young seedling roots may be 
physiologically unsuitable for mycorrhiza formation with a fungus 
isolated from mature tree roots.
Nitrification was demonstrated in only one of the four 
soils - the renzina. Here, incubation caused a decrease in ammonium, 
an increase in nitrate and an associated drop in soil pH, all indicative 
of nitrification taking place. Such a result was predictable (see 
Chapter 1.4.2.2) for nitrification is not usually detectable in 
soils of pH 4.5 or below (Alexander, 1980).
In the remaining acid soils, some conversion of organic 
nitrogen to ammonium was inferred showing that the process of 
ammonification is not as sensitive to acidity as that of nitrification 
(Alexander, 1980).
pH measurements show a small but regular decrease - 
0.2 to 0.3 pH units - in all soils watered with acidified rain when 
compared with the controls. These decreases, although not 
significant, may indicate the beginning of a trend towards lower soil 
pH with continued acid watering, a result that would concurr well 
with that of Abrahamsen et at (1976). As discussed previously, 
the base saturation values of the soils used indicate that acid 
rain would have a long-term, rather than an immediate, effect.
Fungal inoculation had no apparent effect on soil pH.
Few well-defined effects of experimentation can be seen 
from the soil,,analysis data. Haugbotn (1976) observed that soils high 
in organic matter content lost cations from only the uppermost soil 
layer whilst lower layers retained their cations even after 
percolation by sulphuric acid at pH 3.0. Soil analysis shows that
all the soils used here composed of 30% organic matter or more (up 
to 6 8% for the peaty gley soil) perhaps explaining why changes in 
cation concentrations were small.
The effect of individual treatments, particularly those of 
fungal inoculum, on the soil were difficult to interpret without 
reference to a complementary set of seedling elemental analysis data. 
Unfortunately, although dried samples of root and shoot matter for 
all 32 treatments are available, analyses of samples could not be 
arranged. If such data were available, however, a fuller picture 
of the movement of nutrients from soil to seedling could be 
established. One of the major functions attributed to mycorrhizas 
is the absorption and translocation of nutrients into the host, 
particularly in soils where such nutrients are not readily available 
(Bowen, 1973; see also Chapter 1.2.3). Seedling elemental analysis would 
therefore be of particular value in comparing the efficiency of nutrient 
uptake for the mycorrhizal fungi in the different soil types.
In retrospect, although the choice of soils for 
experimentation was good, with soils exhibiting a wide range of 
characteristics, the soil effect was so strong that less obvious 
but equally significant effects were blanketed. In future 
experimentation it may be of greater value, in addition to the 
traditional analysis of variance including all sources of experimental 
variation, to analyse data for treatment variation in each soil 
separately. Thus subtler sources of variation would be more easily 
distinguished.
Soil analysis data accentuated the difficulties inherent 
in short-term experimental work when investigating the effects of 
acidified rainfall. The small changes in ion concentrations after 
experimentation could indicate that seedling growth and soil nutrient 
content remain reasonably stable when the tree-soil system is stressed
by acid rain (after Abrahamsen et at, 1976). Equally well, the amount 
of acid applied may be so much greater than occurring in natural 
rainfall (for example, in one year, the equivalent acid content (H ) 
as that in 20 years of Norwegian rain was applied in this experiment) 
that any small change may be misleading (Hutchinson, 1980b).
Conclusions based, solely on the interpretation of data 
obtained from greenhouse experiments must also be treated with some 
caution. Thomas (1980) stressed that the effectiveness of different 
mycorrhizal fungi could vary with greenhouse or field conditions.
This is not surprising for the uniform greenhouse environment will 
suppress seasonal variations in plant and microbial growth as well as 
protecting plants and soil from adverse weather conditions, all of 
which may be factors of significance in the field.
Despite such drawbacks, the greenhouse experiment yielded 
much useful information. It allowed the effects of the three main 
treatments to be assessed easily, and gave indications of possible 
long-term trends that could develop. These observations should 
prove useful when applied to the analysis of further experimental 
or field-work results.
4.6 Drainpipe or Mini-Lysimeter Experiment 
4.6.1 Introduction
Lysimeter experiments are used as a means of monitoring 
the effects of precipitation as it moves down the soil profile.
Their use has become increasingly popular over the last decade for 
comparing the effects of acidified and non-acidified precipitation 
on a given soil.
Lysimeter studies range from a simple soil column set 
up and watered in the laboratory (Haugbotn, 1976; Hutchinson, 1980a; 
Wiklander, 1975) to large undisturbed soil cores (monolith lysimeters) 
set up in the field where leachates can be collected from the base of 
each soil horizon (Abrahamsen et at, 1976; Rippon, 1980). In this 
experiment, simple soil column lysimeters were set up under greenhouse 
conditions, using drainpiping material for the column, hence the 
name "drainpipe" or mini-lysimeters.
The design of the greenhouse pot experiment (Chapter 4.1)
maae it impossible to collect leachates from the 32 experimental
soils. It was therefore considered of interest to set up a lysimeter
experiment whereby the same soils would be subjected to the same
watering regime for a similar time period. Leachates would be collected for
analysis. Such ansexperiment would be complementary to the main greenhouse pot 
experiment.
4.6.2 Method
10.3 cm (4 in) diameter heavy duty polyethylene 
drainpiping was sawn into 25 cm lengths. Each of eight lengths was 
fitted at one end with a standard drainpipe end piece, joints were made 
watertight and the apparatus mounted upright and modified for the 
collection of water samples as illustrated in Plate 51.
Drainpipes were divided into four pairs, each filled with 
one of the four experimental soils (see Chapter 4.2.1 for soil details).
Plate 51
Drainpipe or mini-lysimeter (x 0.14)
Soils had been previously partially sterilised (see Chapter 4.3.1 for 
method of sterilisation). Drainpipes were filled to give a soil 
core of the same depth as that used in the pot experiment (approximately 
15 to 20 cm) .
One drainpipe of each pair was watered with simulated 
Norwegian rain, pH 5.6, and the other with simulated, acidified 
Norwegian rain, pH 3.0 (see Chapter 4.3.5 for details). Watering 
took place through a "watering plate’, a device fitting over the 
drainpipe’s open end and designed to distribute rain droplets evenly 
over the soil surface. The drainpipe lysimeters were watered at the 
same time as the main pot experiment. Water was applied in equivalent 
amounts (based on soil volumes) to those used in the pot experiment.
Leachates were collected and analysed once or twice weekly.
+ 2- . 
Samples were analysed for N0^ , NH^ , S0^ , Cl and the metal cations
+ + -2*t" 2+ 2+ 3+ 3+
Na , K , Ca , Mg , Mn , A1 and Fe using the spectroscopic
methods for leachate analysis described by Russell (1980). Samples
were stored in polyethylene bottles at 4°C until analysis was complete.
Watering was continued for 50 weeks, each lysimeter 
receiving a total of 8.65 ± 0.54 litres of rain.
4.6.3 Results
Results of leachate analysis for all eleven ions are 
given in Appendix XII. These results are a condensed form of the 
original data, displaying concentration of ions in leachates for only 
10 to 12 of the 35 sampling dates.
Full analysis data are available, but Appendix XII shows 
data in a manageable form while still retaining general trends in 
ion concentration with respect to time. Figures 41 to 4 3 illustrate 
such trends for selected ions.
Mini-lysimeter leachate analysis - sodium, calcium and 
magnesium concentrations with respect to time
KEY
Sodium leached from peaty gley 
soil by acid rain
g g Calcium leached from peaty
ironpan soil by acid rain
A.— ▲ Magnesium leached from peaty 
ironpan soil by acid rain
j___ (
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Potassium leached from renzina 
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Figure 42
Mini-lysimeter leachate analysis - potassium and 
iron concentrations with respect to time
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Figure 43
Mini-lysimeter leachate analysis - sulphate and nitrate 
concentrations with respect to time
4.6.4 Discussion
Lysimeters were set up in a greenhouse in order to 
simulate the pot experiment conditions most nearly. As stressed 
previously, results must be treated with some caution for the greenhouse 
environment will suppress seasonal variations in leaching which may have 
an effect on plant growth. The occurrence of "episodes11 of
particularly acidic precipitation has been described in south Norway 
(Dovland et al, 1976), for example. These may cause strong leaching 
of the soil for a short time having a far greater effect than could be 
shown by applying the same amount of acid in regular aliquots over a 
longer period, as in experimentation.
Rippon (pers. comm. -11982) has observed strong seasonal 
variations in the soil nitrate levels of field lysimeter leachates.
Such variations were not observed in lysimeter leachates under greenhouse 
conditions (Figure 43).
However, in general, lysimeter leachate analysis results 
correspond closely with those of other workers. In all cases, soils 
watered with both acidified and non-acidified rain show similar 
patterns of leaching, although the concentration of cations leached 
from acid-watered soils is always greater than that leached from 
soils watered with rain of pH 5.6. Such results concur well with those 
of Abrahamsen et at (1976) and Overrein (1972) who both demonstrated 
increased leaching of calcium, magnesium and manganese cations from 
podsol field lysimeters when the pH of the rain fell from 6.0 to 3.0.
Leachate cation concentrations in both watering regimes 
decreased rapidly at first, forming a "plateau" or steady concentration 
after 100 days. This may verify the theory that the soil nutrient 
content soon becomes reasonably stable when the tree-soil system is 
stressed by acid rain (Abrahamsen et at, 1976).
Soil and leachate analyses complement each other well.
Where correlation between the two analyses is poor, it is assumed that 
differences are due to the effect of seedling or fungal growth, for 
the lysimeter study excluded both of these.
To summarise, acidified rain causes increased leaching of 
bases from the soil. At first, the availability of these bases to 
the plant may increase (accounting for the small increases in seedling 
growth noted by Abrahamsen et dl> 1976aafter application of acid 
rain) but in the long term, depletion of these nutrients in the soil 
will occur. Such depletion may be partially overcome by processes 
like mineralisation of the soil and fertiliser application (Chapter 1.4.2.1), 
although these would be of greater importance in the field than in the 
greenhouse experiment.
It seems clear that the long term effects of acid 
precipitation on plant growth will become apparent only after further 
studies of the complex and dynamic interactions taking place in the 
soil.
CHAPTER 5 
FINAL DISCUSSION
The original aims of this research were to study the 
effects of acid precipitation, and of soil pH in general, on the 
growth and initiation of Sitka spruce (Picea sitohensis) 
mycorrhizas.
The relationship between acid precipitation and certain 
mycorrhizas of Sitka spruce was successfully demonstrated in a 
greenhouse pot experiment. This experiment allowed some general 
theories to be put forward on the subject, discussed later in 
this Chapter.
The effect of soil pH on Sitka spruce mycorrhizas was 
more difficult to study. Examination of the literature to date 
showed that no standardised or widely accepted method of soil pH 
measurement existed. Thus a reproducible method of soil pH 
measurement was developed before work could proceed further. In 
view of the number of workers who quote soil pH figures 
(of. Chapter 2.2) and thus presumably consider pH an important soil 
parameter, it would seem necessary that this or a similar reliable 
method of pH measurement is introduced internationally as soon as 
possible.
The effect of substrate pH on potential mycorrhizal 
fungi, i.e. those isolated from mycorrhizal roots, was investigated 
by linear growth measurement on agars of different pH. By this 
method, the majority of fungi tested were found to be very pH 
sensitive, with optimal growth occurring within well-defined pH 
ranges. The two exceptions to this rule, namely Cenoooccum geophiZum 
and PaxiZZus inVoZutus3 showed similar growth rates over the whole 
pH range tested and this result was thought to be in keeping with 
their status as facultative or non-specific mycorrhizal fungi
(Mikola, 1948a; Laiho, 1970). Most species tested were acidophilic, 
attaining optimal mycelial growth at pH 5.0 to 6.0, but a small, 
discrete group of isolates, all obtained originally from neutral 
soils, had optimal growth rates at pH's very similar to the pH of 
the soil of origin. Such fungi may have become specifically 
adapted to growth in a particular soil type or at a particular soil 
pH, indicating a degree of specialisation which may confer a 
competitive advantage over other mycorrhizal species in a given soil 
habitat. This interpretation of results is in accordance with 
Melin's (1953) theory that different species of mycorrhizal fungi 
are associated with trees grown in acid and alkaline soils, 
respectively.
The pure culture growth experiment results provide 
indirect evidence that the mycorrhizas formed by such fungi are 
similarly pH sensitive for, as stated previously, it is the 
mycorrhiza's fungal sheath that is in direct contact with the 
external environment, be it agar substrate or soil. Aseptic 
mycorrhizal syntheses attempted at different substrate pHs (to 
simulate mycorrhiza formation in soils of differing pH) would 
have provided direct evidence for the above assumption. Unfortunately, 
these were not successful. Therefore, although the original aim was 
to study the effect of soil pH on Sitka spruce mycorrhizas, such an 
effect could be deduced only indirectly by pure culture experimentation 
using mycorrhizal fungi, not mycorrhizas, and synthetic media, not 
soil.
The failure of aseptic mycorrhizal syntheses to give 
consistent results and plentiful material for investigation was a 
major difficulty throughout this research. Because of it, several 
of the fungal isolates used in experimentation remained as potential, 
and not proven, mycorrhizal fungi. This was obviously undesirable.
I - Z O X ' -I
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It seems, therefore, that the pure culture synthesis method using 
Sitka spruce seedlings and the slower growing fungi needs 
considerable improvement. Further research in this direction 
would be extremely valuable.
Preliminary pure culture experiments incorporating 
pH indicator into the agar substrate showed that growth of the 
majority of fungal isolates tested strongly acidified their 
immediate environment. Such a change in pH may often depend on 
the constituents of the medium used, particularly the nitrogen 
source. However, the MMN agar used throughout experimentation 
contains an ammonium-nitrogen source. Ammonium-nitrogen is the most 
common nitrogen source found in acid forest soils, nitrate being 
rapidly leached from the soil. Also, many fungi utilise ammonium 
as a nitrogen source in preference to nitrate (see Chapter 3.3.1) 
so that such drops in pH may be reasonably expected to occur 
naturally and not as mere artifacts of the experimental system used.
If the fungal sheath tissue of the mycorrhiza "in vivo" acted in 
a similar manner, then the mycorrhizosphere might have a lower pH 
than the surrounding soil. This would be of importance when 
considering the effect of percolating acid rainfall on the 
mycorrhizas of forest trees.
It would be interesting, therefore, to find out whether 
a common mechanism for environmental acidification exists in 
sheathing mycorrhizal fungi and, if so, what it is (a differential 
uptake of cations or anions from the medium, for example, or the 
excretion of acids into the medium). Such research might involve 
incorporation of various buffering systems into the growth medium 
(after Giltrap and Lewis,1981) or the use of special micro-electrodes.
As the soil is known to be an efficient natural buffering system 
(Russell, 1961), it would be of interest also to investigate whether 
acidification of the mycorrhizospheric soil does take place "in vivo" or not.
The greenhouse pot experiment yielded a wealth of data, 
the interpretation of which allowed the aims of the experiment, viz. 
to investigate the effects of acid rainfall on the growth of Pioea 
sitohensis seedlings in different soils and in the presence of 
different mycorrhizal fungi, to be successfully fulfilled.
Using shoot height and dry weight data only, all three 
treatments - soil type, fungal inoculation and watering regime - 
had a significant effect on seedling growth. Soil type had the 
most highly significant effect of ail the treatments. Its 
effect was immediately obvious, being the only treatment that 
was easily picked out throughout the experiment by visual 
examination. Root data showed soil type as the only source of 
significance. These data were considered less valuable than the 
shoot data owing to the difficulty in extracting whole root systems 
from the soil and the impossibility of removing all soil from the 
fine roots prior to dry weight measurement. Roots were variable 
in growth habit also, so that experimental inaccuracy may have 
obscured all but the greatest source of variance.
The root data were thought to be of less relevance 
as parameters of plant growth than the shoot data for the above 
reasons. In future experimentation of this type it might be 
expedient to consider other growth parameters,for the root data 
in this experiment do not justify the effort expended in their 
collection.
The three main treatments were also seen to interact 
together significantly so that it would be misleading to comment only 
on their invididual effects - each must be considered in terms of 
the other two treatments.
Acid rain significantly (p^ 5%) retarded shoot height in 
two of the four soils used - the two Welsh peaty soils. This is of 
particular interest for these two soils were chosen to simulate 
typical Scandinavian upland soils as nearly as possible. Both soils 
had low base saturation values (below 10%) and pH's very similar to 
that of the acid rain applied. In both cases, however, soil pH was 
reduced and leachates contained higher concentrations of elements 
under the acid watering regime compared to those of the control 
(pH 5.6) watering. These results agree well with those of Abrahamsen 
et al (1976) and Overrein (1976) using Norwegian podsol soils and are 
further proof that such low nutrient-status soils may be particularly 
vulnerable to the effects of acid precipitation. The results would 
also throw some doubt on the theories of Wiklander (1973/4) and 
Haugbotn (1976) that the effects of acid precipitation on soils 
with base saturations below 20% are insignificant.
The adverse effect of acid rain on seedling growth was
shown to be partially alleviated by fungal inoculation of the soil.
The mycorrhizal habit thus established caused a significant (p£5%). 
increase in growth of those plants watered with acidified rain, 
whereas in those watered with rain of pH 5.6, no significant 
difference in growth between inoculated and control soils was noted. 
Furthermore, fungal inoculation caused a significant (p^5%) increase 
in shoot height in one of the four soils used: the peaty ironpan
soil.
The results of fungal inoculation can be explained in both
cases by the nutrient absorption function of the mycorrhiza. Many
workers have recorded increases in shoot height and dry weight in 
inoculated seedlings over controls in low-nutrient status soils, 
such as the peaty soils used in this study. (Hatch, 1937; Theodorou 
and Bowen, 1970 and see Chapter 1.2.3.) This is because the
mycorrhizas of the inoculated seedlings can absorb readily soluble 
ions more effectively than the uninfected roots, these ions being 
used to increase the seedling biomass.
In nutrient-rich soils, the mycorrhizal response of 
increased nutrient uptake is usually eliminated (Bowen, 1973).
A similar explanation can be given for soils stressed by 
acidified rainfall. Acid rainfall is known to increase leaching of 
elements from the soil (see Chapter 1.4.2.2) and indeed, increased 
leachate element concentration was observed in the mini lysimeter 
experiment reported in this research (see Chapter 4.6). Soils 
subjected to the acid watering regime will, therefore, be of lower 
nutrient status than the control soils and the mycorrhizal response 
of increased nutrient assimilation will become significant.
These results accentuate the importance of the 
mycorrhizal habit to the growth of forest trees not only in the 
general forest situation (where low-nutrient soils are frequent) 
but particularly in forested areas that are stressed by acid 
precipitation. The introduction of a suitable mycorrhizal 
inoculation programme (see Mikola, 1970) in forests that are reported 
as adversely affected by acid rainfall, for example the recently 
highlighted Soiling plateau of West Germany (Ulrich, Mayer and 
Khanna, 1980) , may be of enormous benefit.
The three mycorrhizal fungi used differed markedly in 
their effectiveness in stimulating seedling growth. In general, 
isolate (TheZephova terrestris) caused the most significant 
increases in shoot height, with isolate causing less dramatic
but still significant (p^5%) increases. Inoculation with 
Laccaria Zaccata caused no significant difference to shoot height 
or dry weight throughout the experiment. These results are 
interesting when compared with those of other workers using the
same fungal species. In a similar experiment, Thomas (1980), for 
example, reported significant increases in shoot height and dry 
weight of Picea sitohensis seedlings grown in forest soil inoculated 
with TheZephova tevvestvis as compared with uninfected controls.
This agrees well with the present results and is in keeping with the 
statements of Mikola (1970) and Marx, Bryan and Grand (1970) 
respectively that this species is a vigorous and ubiquitous 
mycorrhiza-former and a primary coloniser of seedlings in nursery 
and sterilised soils.
Thomas (1980) showed that inoculation with Laooajvia 
Zaccata also caused an increase in seedling growth, as did Marx and 
Zak (1965) using slash pine (Pinus eZZiottii var. eZZiottii) 
seedlings in aseptic culture. The results reported in the present 
experiment however would indicate that L. Zaceata is not as efficient 
a mycorrhizal species as previously suggested, although it must be 
noted that results throughout this work are significant only for the 
particular isolates used and may not be true necessarily of all 
isolates of a species.
In retrospect, the choice of fungi for experimentation 
was poor. Those characteristics of B^  (TheZephova tevvestvis) that 
ensure its success as a primary sheathing mycorrhizal coloniser - 
rapid growth, mycelial cord formation and ease of fruiting body 
production - render it unsuitable for greenhouse experimentation as 
previously explained (Chapter 4.5). Indeed, TheZephova tevvestvis 
proved to be such a successful pioneer fungus that many of the pots 
originally inoculated with the slow-growing isolate were invaded. 
Much of the significant increase in plant growth seemingly caused 
by F^ inoculation was in fact thought to be caused by T. tevvestvis 
infection. Thus F^ also proved a poor choice of isolate having such 
slow growth - the latter not even being stimulated in the near-neutral
rendzina soil, as expected. In light of the rapid spread of 
T. tevvestvis^ it would be of interest in future work to analyse 
results in terms of fungus present per pot at the conclusion of 
experimentation rather than in terms of fungus originally inoculated 
per pot.
Laoeavia Zaccata, which seemed a suitable choice of 
fungus in practice (cf. Chapter 4.5), had no significant effect on 
seedling growth in any of the treatments tested. Thus, for future 
experimentation a completely new choice of fungi would be 
recommended.
Throughout the experiment the seedling growth responses 
in the two peaty soils were not significantly different, although 
the variation in growth between the major soil types - rendzina, 
surface water gley and peat - was the largest source of significance 
tested. Because of this, it might have been more interesting and 
more relevant to the present Scandinavian and European forest 
situations to have chosen for comparison four soils all of greater 
similarity to the upland podsolised or peaty soil type. Such a 
choice is recommended for future experimentation.
A greenhouse experiment does have limitations. The 
possible disparity with field conditions (Thomas, 1980) for example, 
and, in this case, the use of mycorrhizal fungi isolated from mature 
tree roots for inoculum in a seedling experiment. Also, the 
relatively short time scale and the perhaps unnatural amount of 
acidified rainfall applied (Hutchinson 1980b) must be taken into 
account, as well as the lack of seedling elemental analysis. A full 
seedling analysis, for example, would have given information on the 
ion movement in the biosystem studied. Bearing these points in 
mind, however, the greenhouse experiment has yielded statistically 
significant data on the effects of acidified rainfall on Sitka spruce
seedling growth and accentuated the relationship of such effects
with those caused by soil and sheathing mycorrhizal type. Such
relationships have not been recorded previously.
The experimental procedure used was basically sound but
could be developed as outlined to give results of greater accuracy.
As the method allowed for the collection of such a wide range of
data, experimental results have great potential for further work in
the future. An example would be in the comparison of seedling growth
in the presence of various cations, particularly in light of the
3+
recent interest in relationships between A1 and tree growth in 
Germany (Ulrich, Meyer and Khanna, 1980). Unfortunately, time 
did not permit such a comparison in this work.
The subject of acid precipitation has been a highly emotive 
one over the last decade or more, with conflicting evidence presented 
and little long-term experimentation to show any clear effects.
The results of this pot experiment can only clarify the situation, 
providing solid evidence and giving strong indications of possible 
long term trends that may develop.
APPENDIX I
Modified Melin-Norkrans Medium (MMN) 
After Marx, 1969, 1975
CaCl^ 0.05 g
NaCl 0.025 g
KH2P04 0.5 g
(NH4)2HP0a 0.25 g
MgS04 7H20 0.15 g
Thiamine HC1 100 yg
Malt Extract‘d 3 g
Glucose 10 g
2
Agar (optional) 15 g
Distilled, deionised water 1000 ml
pH 5.5 to 5.7
 ^Oxoid Malt Extract, code number L59 
2 .
Difco Bacto-Agar
All chemicals used are AR.
APPENDIX II
Taylors Medium (TAY) 
After Taylor, 1974
Malt Extract^- 10 g
2
Potato dextrose agar 4 g
3
Benomyl 5 mg
4
Neomycin sulphate 50 mg
Streptomycin sulphate"* 50 mg
Agar6 12 g
Distilled, deionised water 1000 ml
pH 5.5 to 6.0
 ^Oxoid Malt Extract, code number L59.
2
Oxoid Potato dextrose agar, code number CM139
3 Benomyl obtained from Benlate (Dupont
ChemicalsLtd) which contains 50% benoyml.
4
Neomycin sulphate obtained from Wellcome 
, Chemicals.
Streptomycin sulphate obtained from Glaxo 
Chemicals.
6 Difco Bacto-Agar.
APPENDIX III
Ingestad's Mineral.Medium (After Ingestad, 1971)
For storage, this medium was made up in three stock 
solutions which were added together to make the final solution.
Solution A
NH4NO3 
KNO3 
K 2 SO4
Distilled Water to 1000 ml 
Solution B
This was made up as component solutions which were 
mixed to make up the stock solution as required.
Stock Solution
106.2 g
37.2 g
2 2 . 2 g
Bi 1 0 mis
B2 1 0 0 mis
B3 10 mis
B4 25 mis
B5 10 mis
Bg 10 mis
B7 10 mis
Mg (N03)2 «6H20 45.0 g
FeCgHsOy .5H20 2.094 g
(dissolved separately with 
slight heat)
Distilled water to 1000 ml
Component Solutions
Bi 40 ml HNO3 (S.G. 1.42)/250 ml 
B2 87.2 g CaC02 + 110 ml conc. HNO3
(React, filter, dilute to 1 litre.
Store in amber bottle)
B3 8.11 g MnS0 4 .4H 2O/IOO ml 
B4 5.7 g H3BO3 /IOO ml 
B5 1.025 g CuCl2 .2H20/250 ml 
B6 1.35 g ZnS04 .7H20/250 ml 
B7 0.80 g Na2Mo02 .2H2O/litre
Solution C
KH2PO4 7.15 g
Distilled water to 1000 mis
(e 6 . 5 ppm phosphorus)
Final Solution
4 m l A + 4 m l B + 4 m l C  + Distilled Water to 1000 ml
Concentration of elements in Final Solution (ppm)
N
NO3-N 126
NH4-N 74
P 6.5
K 130
Ca 14
Mg 16.9
S 16
Fe 1.4
Mn 0.8
Cu . 0.06
Zn 0.05
B 0.4
Mo 0.013
APPENDIX IV
Tabulated data for Figures 17 to 21 • 
Correetedt mean linear growth measurements £ standard 
errors (cms) for five stock fungal isolates*.
(1) Amanita rubescens cf Figure 17.
D a ysX.
3.0 4.0 5.0 6.0 7.5
13 0.03 ± 0.07 14a 0.35 ± 0.03 14 0.47 t 0.03 14 0.38 ± 0.04 14 0 14
18 0.25 + 0.02 14 0.42 ± 0.03 14 0.79 £ 0.06 14 0.61 £ 0.07 14 0 14
28 0.05 + 0.05 14 0.81 t 0.07 14 1.66 £ 0.07 14 1.46 4 0.09 14 0 14
37 0.81 4 0.09 14 1.28 £ 0.09 14 2.29 £ 0.07 14 2.12 1 0.11 14 0 14
48 1.36 i 0.13 14 1.93 t 0.11 14 3.09 ± 0.04 14 2.90 ± 0.12 14 0 14
55 1.69 ± 0.14 14 2.32 + 0.11 14 3.39 i 0.04 14 3.28 £ 0.11 14 0.05 4 0.02 12
65 2.01 * 0.16 14 2.78 * 0.13 14 3.67 £ 0.06 14 3.62 t 0.10 14 0.15 £ 0.04 12
76 2.28 ± 0.18 14 2.99 ± 0.14 14 3.78 4 0.05 14 3.69 £ 0.08 14 0.38 £ 0.08 12
90 2.40 t 0.16 14 3.10 £ 0.13 14 3.84 ± 0.03 14 3.79 1 0.05 14 0.08 4 0.15 12
97 2.46 t 0.16 14 3.16 ± 0.13 14 3.89 4 0.01 14 3.81 4 0.04 14 1.10 ♦ 0.19 12
114 2.59 + 0.16 . I* 3.31 + 0.12 14 3.9 14 3.89 4 0.01 14 1.85 £ 0.25 12
121 2.74 + 0.16 14 3.53 ± 0.06 12 3.9 14 3.9 14 2.15 0.26 12
(2) Isolate B^2 (.Thelephora terrestris) Experimental Batch 4 cf Table 16 , Figure 18
Days
pH
3.0 4.0 5.0 6.0 7.5
6 0.14 4 0 10 0.22 t 0.01 10 0.31 ± 0.02 10 0.34 ± 0.02 10 0.13 £ 0.01 10
21 0.35 ± 0.01 10 1.11 1 0.02 10 1.39 ± 0.04 10 1.59 ± 0.03 10 0.85 £ 0.05 10
24 0.38 £  0.01 10 1.28 £ 0.02 10 1.57 ± 0.03 10 1.95 £ 0.05 10 1.02 4 0.06 10
41 0.59 ± 0.03 10 2.03 ± 0.05 10 3.18 £ 0.04 10 3.82 t 0.04 . 10 2.10 £ 0.07 10
56 0.77 4 0.06 8 2.6 £ 0.08 10 3.87 ± 0.02 10 3.9 10 3.19 £ 0.15 10
66 0.93 ± 0.08 6 2.8 ± 0.07 10 3.9 10 3.9 10 3.61 £ 0.18 10
78 0.91 t 0.06 4 2.91 ± 0.07 10 3.9 8 3.9 10 3.9 8
94 1.15 ± 0.04 2 3.19 £ 0.05 6 3.9 8 3.9 10 3.9 8
105 - 3.26 £ 0.05 4 3.9 8 3.9 10 .3-9 8
>
i
(3) Isolate F^ Experimental Batch 4 cf Table 26, Figure 19
\  pH 
Days^v
3.0 4.0 5.0 6.0 7.5
8 0 14 0 12 0.11 4 0.009 14 0.15 4 0.01 14 0.11 4 0.008 14
14 0 14 0.004 £ 0.004 12 0.19 £ 0.009 14 0.24 4 0.02 14 0.23 4 0.02 14
25 0 14 0.03 + 0.009 12 0.34 4 0.02 14 0.48 4 0.02 14 0.47 4 0.02 " 14
45 0 14 0.08 * 0.02 12 0.47 4 0.03 14 0.75 4 0.03 14 1.07 £ 0.05 14
55 0 14 0.13 ± 0.02 12 0.48 4 0.03 12 0.79 4 0.03 14 1.40 4 0.07 14
60 0 14 0.15 t 0.03 12 0.51 4 0.04 10 0.83 4 0.03 14 1.59 4 0.08 14
69 ' . 0 14 0.19 ± 0.03 12 0.56 4 0.05 10 0.89 4 0.04 14 1.91 4 0.07 14
82 0 14 0.21 4 0.02 8 0.62 4 0.06 10 0.96 4 0.04 14 2.43 £ 0.08 14
98 0 14 0.26 4 0.02 8 0.72 £ 0.07 10 1.09 4 0.04 12 3.13 4 0.07 14
109 0 14 0.31 4 0.02 8 0.74 4 0.08 8 1.22 4 0.04 12 3.61 £ 0.06 14
APPENDIX IV (Continued)
(A) Isolate (Lactarius rufus) Experimental Batch A cf Table 26 , Figure 20
\ o l l
Days
3.0 A.O 5.0 6.0 7.5
8 0.05 4 0 14 0.13 4 0.008 14 0.10 4 0.01 8 0 24 0 14
1A 0.22 4 0.01 14 0.39 4 0.009 14 0.19 4 0.04 8 0 14 0 14
25 0.63 t 0.009 14 0.95 4 0.02 14 0.72 4 0.04 8 0.31 4 0.05 8 0 14
29 0.79 t 0.01 14 1.1A 4 0.02 14 0.91 ± 0.05 8 0.48 4 0.06 8 0 14
A5 1.20 4 0.01 14 1.63 ± 0.01 14 1.56 ± 0.05 8 1.37 4 0.06 8 0 12
55 1.35 t 0.01 14 1.79 4 0.03 14 1.74 4 0.03 8 1.6A 4 0.06 8 0 10
60 1.A6 4 0.02 14 1.91 4 0.02 12 1.87 ± 0.02 6 1.78 4 0.05 8 0 8
69 1.65 4 0.03 12 2.04 4 0.04 12 2.07 4 0.03 6 2.01 4 0.04 8 0 8
82 1.8A 4 0.03 12 2.26 4 0.04 10 2.30 ♦ 0.03 6 2.21 4 0.03 4 0 8
98 2.03 ± 0.05 8 2.55 ± 0.05 10 2.69 ± 0.03 6 2.45 s 0.07 2 0 4
109 2.13 4 0.05 8 2.6S t 0.06 6 3.05 i 0.02 4 3.05 ± 0 2 0 4
(5) Parillus involutus cf Figure 21
D a y s ^ ^
3.0 4.0 5.0 6.0 7.5
8 0 14 0.24 + 0.02 14 0.41 ± 0.01 14 0.34 * 0.01 14 0.07 ± 0.01 14
15 0 14 0.58 + 0.03 14 0.85 ± 0.02 14 1.00 ± 0.03 14 0.13 ± 0.02 14
23 0 14 1.90 ± 0.07 14 2.13 ± 0.08' 14 2.44 ± 0.05 12 0.16 ± 0.01 14
28 0 14 3.0 ± 0.09 14 3.38 t 0.05 14 3.54 ± 0.05 12 0.18 ± 0.008 14
36 0 14 3.88 + 0.02 14 3.9 14 3.9 12 0.29 ± 0.02 14
42 0 14 3.9 14 3.9 14 3.9 12 0.45 ± 0.02 14
55 0 14 3.9 14 3.9 14 3.9 12 0.80 ± 0.05 12
64 0 14 3.9 14 3.9 14 3.9 12 1.41 + 0.09 12
79 0 14 3.9 14 3.9 14 3.9 12 3.03 ± 0.16 12
92 0 14 3.9 14 3.9 14 3.9 12 3.79 ± 0.06 12
116 0 14 3.9 14 3.9 14 3.9 12 3.9 10
t See Chapter 3.22 for method of correcting measurement 
data.
* For details of isolates' origins and morphological 
characteristics, see Chapter 2. 
a Number of linear measurements from which mean figure
derived. For method of measurement see Chapter 3.22. 
b See Chapter 3.22 for details.
APPENDIX V: TABULATED DATA FOR FIGURES 22 TO 32
Average growth rates t standard deviations (cm day~l), calculated using 
standard linear regression analysis, for rho 22 stock isolates used 
at the five pH's tested.
Fungal Isolate0 Batch No.fc
pH .
3.0 4.0 5.0 6.0 7.5
A 1 1 Ho growth No growth
0.998 
0.011 t 4.49 x 10 
9
0.998 
0.019 ± 5.29 x 10-4 
8
0.997 
0.017 t 9.53 x 10"“ 
4
A1 7 Ho growth
0.997 
7.59 x 10"3 
♦ 2.40 x 10“4 
8
0.999 
0.017 ± 4.36 x 10“4 
6
0.999 
0.019 ± 7.45 x 10*4 
8
0.994 
0.024 ± 1.31 x 10-3 
6
a 3 4 Ho growth
• 0.996 
0.35 t 3.53 x 10“3 
8
0.987 
0.0921 0.016 
6
0.986 
0.23 1 0.040 
8
0.996 
0.19 ± 0.012 
£
Amanita'muscaria 5 Ho growth
0.999 
0.015 ± 2.32 x 10*4 
8
0.999 
0.027 ± 2.75 x lO"4 
10
0.998 
0.032 ± 1.05 x lO-3 
11
0. 997 
0.016 ± 5.16 x 10-4 
7
Amanita xvbeecens 6
0.994c 
0.038 ± 1.81 x 10“3 
7d
0.998 
0.052 ± 1.54 x 10-3 
7
0.996 
0.071 1 3.72 x lO-3 
6
0.998 
0.072 ± 2.78 x lO-3 
6
0.992 
0.037 i 2.39 x 10*3 
6
*12 1
0.998 
0.014 ± 2.80 x 10-* 
10
0.991 
0.032 ± 1.64 x lO*3 
9
0.998 
0.069 1 3.12 x 10-3 
7
0.996 
0.11 ± 4.72 x 10-3 
6
0.990 
0.077 ♦ 4.85 x lO-3 
7
*12 4
0.991 
0.011 i 6.19 X 10~3 
8
0.968 
0.033 ± 3.49 x lO-3 
8
0.994 , 
0.074 1 4.82 x 10~J 
5
0.996 3 
0.10 ± 6.11 x 10~J 
4
0.997 _ 
0.061 ± 2.19 x 10~J 
6
®12 7 Ho growth
0.998 . 
0.025 ± 7.07 x 10 
7
0.991 . 
0.040 1 2.66 x 10 
6
0.999 . , 
0.050 ± 3.09 x 10 
4 .
0.992 - 
0.056 t 3.51 x lO- -* 
6
Boletus spp 5 Ho growth
0.997 , 
0.045 ± 1.90 x 10--3 
7
0.994 . 
0.022 1 9.64 x 10-“ 
8
0.999 3 
0.11 t 3.37 x 10”J 
8
Ho growth
Cenococcum geophilur. 5
0.997 . 
0.011 ± 3.41 x 10 
9
0.999 , 
0.021 ± 2.61 x 10_J 
9
0.996 . 
0.033 1 1.12 x' 10 
9
0.998 . 
0.025 ± 6.51 x 10 
8
0.998 , 
8.95 ± 4.33 x 10 
6
Cenococcum geophilum* 6
0.989 , 
0.013 ± 8.69 x 10 
7
0.999 . 
0.024 ± 4.51 x 10 
4
■ ■ 0.998 . 
0.028 1 8.78 x 10 
6
0.989 3 
0.021 ± 3.65 x 10“
7
0.979 _ 
0.019 i 2.12 x 10
9
2
Cenococcum geophilum 7
0.997 . 
01016 ± 4.58 x 10 
9
0.987 . 
0.020 * 1.24 x 10~J 
9
0.998 . 
0.019 i 4.84 x 10 • 
9
0.999 . 
0.017 i 2.60 x 10~ 
9
0.998 
2.59 x 10-3 ♦ 
1.27 x lO-4 
4.
*3
3 Ho growth
0.996 , 
8.38 x 10"J,± 
2.95 x 10 
9
0.991 , 
9.59 x 10 .1 
4.40 x 10 
11
* 0.998 
0.014 ± 6.10 x lO”4 
8
o'
0.018 ±.Q 
2
*3 7 No growth
0.981 - 
0.012 ± 1.31 x 10 
5
0.996 . 
0.015 ± 6.86 x 10 
€
0.997 . 
0.011 ± 4.07 x 10' 
6
0.987 
0.026 ± 2.11 x 10- -* 
6
n 3 No growth No growth
0.990 - 
5.89 x 10 .1 
3.12 x 10"“
9
0.993 3 
0.018 ± 1.53 x 10 
4
0.973 ' 
0.027 ± 2.90 x 10 
7
r4 4
No growth
0.99S , 
3.33 x 10 .* 
1.36 x lO'"
8
0.994 3 
4.82 x 10 ,± 
2.16 x 10 
8
0.976 3 
9.24 x 10 ,± 
7.78 x 10 
9
0.997 
0.027 ♦ 1.47 x 10-J 
4
r4.. 7 Ho growth No growth
0.968 3 
5.60 x 10 ,1 
3.80 x 10 
6
0.994 3 
5.76 x 10 .± 
3.60 x 10 
5
0.986 
0.013 i 3.90 x lO 
3
*5 2
0.992 , 
0.017 ± 1.23 x 10 
6
0.986 . 
0.032 ± 1.76 x 10 
11
0.993 3 
0.048 ♦ 1.98 x 10 
10
0.999 . 
0.030 ± 5.24 x 10 
9
0.961 3 
6.12 x 10 .± 
6.96 x 10 
5
J
I
APPENDIX V (CONTINUED)
Fungal Isolate0 Batch No.b
pH
3.0 4.0 5.0 6.0 7.5
*5 4
' 0.943 
0.023 4 3.60 x 10-3 
7
0.944 , 
0.041 4 1.87 x 10~J 
8
0.992 
0.069 4 4.54 x 10~J 
6
0.990 . 
0.054 4 3.40 x 10~J 
7
0.993 
0.030 4 1.42 x 10“ 
8
F5
7
0.942 
2.52 x 10 ,4 
9.81 x 10_“
S
0.993 . 
0.014 4 9.81 x 10 
5
0.993 
0.037 4 3.10 x 10 
4
0.987 
0.029 4 2.14 x 10 
7
0.992 
0.023 4 1.48 x 10" 
6
V .
2
0.978 , 
2.15 x 10 .4 
1.51 x 10"“ 
21
0.99S . 
0.045 4 1.53 x 10"J 
10
0.992 , 
0.034 4 1.37 x 10 
12
0.997 - 
0.041 4 1.37 x lO"’’ 
8
0.97S 
0.010 4 9.56 x 10" 
8
** RJ
7 No growth
0.9SO - 
0.019 4 3.20 x 10 
6
0.983 - 
0.027 4 2.04 x 10 
8
0.978 3 
0.032 4 3.41 x 10~J
e
0.997 
0.048 4 1.74 x 10~- 
7
Friston^ 6
0.999 . 
4.06 x lo"“,4 
1.50 x 10 
4
0.973 
3.77 x 10 ,4 
3.63 x 10 
8
0.98S . 
0.014 4 8.63 x 10 
11
0.980 3 
0.048 4 4.82 x 10 
8
0.998 
0.069 4 2.19 x 10~- 
6
s
2
0.990 , 
0.028 4 1.51 x 10 
9
0.994 3 
0.043 4 2.03 x 10 
8
0.992 . 
0.051 4 4.60 x 10 
4
0.980 3 
0.036 4 3.74 x 10~J 
6
No growth
s
3
0.992 , 
0.025 4 1.43 x 10 
7
0.982 . 
0.024 4 1.61 x 10 
10
0.999 . 
0.040 4 8.55 x 10 
6
0.997 3 
0.036 4 1.20 x 10 
8
No growth
s
4
0.982 , 
0.021 4 1.51 x 10 
9
0.981 , 
0.024 4 1.67 x 10 
10
0.991 . 
0.026 4 1.33 x 10 
9
0.97S 3 
0.030 4 1.59 x 10 
9
No growth
L9
7
0. 991 , 
0.010 4 7.92 x 10 
S
0.997 . 
0.016 4 5.90 x 10 
6
0.990 . 
0.012 4 8.95 x 10 
6
0.992 . 3 
0.023 4 1.33 x 10 
7
0.997 
0.027 4 1.47 x 10"‘ 
4
L11 2
'0.96S . 
0.016 4 1.50 x 10 
10
0.998 , 
0.045 4 1.24 x 10 
12
0.998 . 
0.14 4 4.63 x 10 
6
0.997 3 
0.13 4 4.79 x 10 
6
0. 991 
0.093 4 5.30 x 10"‘ 
8
Laccaria amethystina 2
0.992 , 
7.29 x 10 ,4 
3.54 x 10 
V
0.996 . , 
0.042 4 1.19 x 10 
11
0.994 - 
0.052 4 1.94 x 10"J 
11
0.996 3 
0.078 4 4.00 x 10"J 
S
0.999 
0.039 4 4.59 x 10" 
11
Laccaria amethystina 3 No growth
0.989 . 
9.98 x 10 ,4 
1.06 x 10 
4
0.999 . 
0.064 4 1.19 x lO"'’ 
6
0.999 3 
0.066 4 1.73 x 10 
6
0.994 '
0.047 4 2.64 x 10~- 
6
Laccaria amethystina 4
0.904 , 
2.01 x 10 ,4 
3.88 x 10 
8
0.970 , 
0.020 4 2.84 x 10 
5
0.983 . 
0.035 4 3.79 x 10 
S
• 0.919 3 
0.020 4 3.44 x 10 
8
0.999 
0.042 4 7.75 x 10 
9
Laccaria amethystina 7 -
0.997 . 
0.038 1 1.44 x 10 
7
-
0.999 3 
0.068 4 1.98 x 10 
4
0.998 
0.053 4 2.59 x 10~' 
4
Laccaria Zaccata 2 No growth
0.99S - 
0.029 4 1.10 x 10 
9
0.992 . 
0.054 4 2.30 x 10 
11
0.990 , 
0.080 4 4.58 x 10" 
8
0.996 
0.084 4 3.34 x 10~- 
7
Laccaria Zaccata 7
0.991 . 
8.01 x 10 ,4 
4.87 x 10 
7
0.997. , 
0.034 4 1.05 x 10 
8
0.998 - 
0.045 4 1.38 x 10 
7
0.999 3 
0.061 4 2.12 x 10 
4
0.996 _3 
0.066 4 4.40 x 10 
4
Lactarius rufus 6
0.997 
0.046 4 1.35 x 10 
9
0.999 , 
0.059 4 1.24 x 10 
7
0.997 3 
0.070 4 2.57 x 10 
• 6
0.999 _3 
0.086 4 1.44 x 10 
6
0.993 
0.036 4 1.75 x 10~J 
.10
Lactariuo turpis 6
0.992 , 
2.27 x 10 .4 
1.27 x 10 
7
0.991 , 
4.99 x 10"J 4 
2.83 x 10 
8
0.998 - 
9.79 x 10 ,4 
3.82 x 10 
7
0.998 . 
0.012 4 3.31 x 10" 
7
0.991  ^
0.021 4 2.73 x '10 
3
APPENDIX V (CONTINUED)
Fungal Isolate0 Batch No.fc
pH
3.0 4.0 5.0 6.0 7.5
K 13
.3 Ho growth
0.984 
0.010 4 7.68 x 10 
8
0.998 
0.018 4 4.44 x 10 
9
0.999 
0.026 4 4.16 x 10 
11
0.989 , 
0.024 4 1.59 x 10 
7
Paxillus involutue 5 No growth
0.992 
0.16 4 0.14 
4
0.971 
0.15 4 0.026 
4
0.987 
0.16 4 0.018 
4
0.993 
0.084 4 7.08 x 10 
4
Pieolithus tinctoriuo 7
0.999 ' - 
0.054 ± 1.10 x 10 
7
0.999 3 
0.066 4 1.88 x 10"J 
5
0.994 3 
0.040 4 1.75 x 10 
8
0.983 
0.024 4 1.69 x 10~J 
9
0. 998 . 
0.011 4 3.66 x 10 
S
Scleroderma aurantium 7 No growth
• 0.982 3 
0.048 4 5.25 x 10~J 
• S
0.992 3 
0.050 4 3.20 x 10 
6
0.998 3 
0.067 4 2.49 x 10~J 
S
No growth
Scleroderma aurantium 6 No growth
0.987 3 
0.072 4 5.94 x 10"3 
6
0.984 3 
0.046 4 4.14 x 10~J 
8
0.987 3 
0.042 4 2.99 x 10 
7
0.999 . 
0.037 4 6.18 x 10 
6
Suillus bovinus 5
0.999 - 
0.12 4 1.85 x 10 
4
0.994 3 
0.12 4 7.54 x 10 
S
0.999 3 
0.093 4 2.14 x 10 
6
0.999 3 
0.088 4 1.99 x 10 
S
No growth
° Fungal isolates obtained as described in Chapter 2.3
Isolates morphological characteristics described in Chapter 2.4
b Crovth experiment batch number from vhich data for this isolate 
obtained (cf Table 26 )
C Correlation coefficient of linear regression
^  Humber of data points used in regression analysis
APPENDIX VI
Tabulated data for Figure 34
(a) Average grovth rates ± standard deviation (cm day ^) calculated using 
standard linear regression analysis, for seven fungal isolates 
at differing concentrations of the pU indicator bromocresol-green.
Fungal Isolate0
Concentration of Indicator (Bromocresol Creen) g 1“*
0 (Control) 0.02 0.04 0.06
A 1
.1.0.998°
0.019 4 5.29 x 10“* 
8d
0.988
8.29 x 10-3 i 5.81 x 10'* 
7
0.98S
7.00 x 10-3 ± 7.08 x 10-* 
S
0.997
6.33 x 10-3 ♦ 2.03 x 10”* 
8
*12
0.896 
0.10 ± 6.11 x 10-3- 
4
0.990 
0.055 4 4.43 x lO"3 
S
0.986 
0.048 ± 4.11 x 10“3 
€
0.986 
0.036 ± 2.79 x 10-3 
7
*27
0.999 
0.033 ± 8.01 x lO-* 
. ... 7
0.998 
0.046 ± 1.33 x lO-3 
7
0.991 
0.053 ±3.57 x lO"3 
6
0.996 
0.058 ± 2.58 x lO-3 
6
l 9
0.997 
0.036 4 1.20 x 10"? 
8
0.993 
0.033 4 1.97 x 10“3 
6
0.978 
0.024 ±1.78 x 10“3 
10
0.982 
0.025 ±1.82 x lO"3 
8
L11
0.990 
0.093 4 6.68 x 10-3 
6
0.994 
0.099 ± 5.51 x 10-3 
6
0.994 
0.090 ±4.82 x lO-3 
6
0.997 
0.096 ±4.03 x lO-3 
6
Laccaria Zaccata
0.999 
0.061 ± 2.12 x 10-3 
4
0.994 
0.016 4 9.90 x 10"* 
5
0.961 
0.012 ± 7.64 x 10-* 
6
0.991
9.51 x lO'3 ± s.39 x i0-4 
8
Laccaria amethystina
0.973 
0.033 ±4.48 x 10-3 
S
0.976 
0.025 4 2.25 x 10“3 
8
0.979 
0.03 ±4.67 x lO"3 
4
0.981 
0.030 ± 3.40 x lO-3 
4
as for Appendix V
(b) Testa of significance (2 tailed students t tests) performed on 
pairs of means from Appendix Via
After Clarke, 1969
Fungal Isolate
Bromocresol Creen 
Concentration g 1“ *
0 0.02 0.04
A1
0.02
0.04
0.06
* * * 
* * * 
* * *
N.S. 
* * N.S.
*12
0.02
0.04
0.06
* * * 
* * * 
* * *
N.S. 
* * *
F27
0.02
0.04
0.06
* * * 
* * * 
* * *
N.S. 
* * N.S.
l 9 -
0.02
0.04
0.06
N.S. 
* * * 
* * *
* * 
* N.S.
L 11
0.02
0.04
0.06
N.S.
N.S.
N.S.
N.S.
N.S. N.S.
Laccaria
Zaccata
0.02
0.04
0.06
* * * 
* * * 
* * *
* *
* * * *
Laccaria
amethystina
0.02
0.04
0.06
N.S.
N.S.
N.S.
N.S.
N.S. N.S.
Kejr.: * * * 
* *
U.S.
probability ( 0.001 
probability £ 0.01 
probability f 0.1 
not significant
APPENDIX VII
(a) Formula for precipitation of a simulated rain based on the chemical 
composition of natural precipitation at Birkenes, Southern Norway.
Stuanes, 1978
Composition of precipitation 
2+Ca
Mg
K
H
NHi
2+
0.24 mg 1 
0.18 mg 1 
0.12 mg l" 
0.05 mg 1 
0.54 mg 1
Simulated rain formula
Na
SO
NO.
Cl
2-
1.29 mg r 1
3.03 mg r 1
1.86 mg r 1
2.73 mg r 1
NH.NOo 
4 3 2.4013 mg 1
NaCl 2.8052 mg l"
KC1 0.2237 mg l“
MgCl2.6H20 1.5248 mg l”
CaCl2 0.6659 mg l”
Na?S0, 0.5681 mg l"
2-
The pH and S0^ concentration of this solution is adjusted with 
sulphuric acid (H^SO^)
APPENDIX VII (Continued)
(b) Formula for preparation of a simulated rain - modification of the 
above formula.
C.E.R.L., 1978
Solution A Solution B
NH.N0o 
4 3 1.4327
mg r 1 Ca(N03)2 .4H20
NaCl 2.8052 mg r 1
KC1 0.2237 mg r 1
MgCl2.6H20 1.5248 mg x-1
NaoS0. 
1 4
0.5681 mg l-1
NH.C14 0.6479 mg l"1
1.4169 mg 1-1
Stock solutions of A and B1 are made up x 1000 more concentrated 
than the above formulae and refrigerated at 4°C when not in use.
Immediately prior to watering, 1 ml of each solution is added 
per litre distilled water used. pH of the rain is adjusted to 3.0 
by the addition of 1 ml Q.1TM H^SO^ per.litre.
Four sources of variation analysed (after Clarke, 1969)
Shoot (cm)
Source d.f. S.S. M.S. • F ratio Significance
Block 3 34.25 11.42 0.95 N.S.
Soil 3 25185.63 8395.21 696.36 a A a
Rain 1 185.75 188.75 15.41 * * *
Fungus 3 273.31 91.10 7.56 * * *
Block x Soil 9 63.55 7.06 0.59 N.S.
Block x Rain 3 17.63 5.88 0.49 N.S.
Block x Fungus 9 51.02 5.67 0.47 N.S.
Soil x Rain 3 198.83 66.28 5.50 * * *
Soil x Fungus 9 ' 502.15 55.79 4.63 * * *
Rain x Fungus 3 153.98 51.33 4.26 * *
Block x Soil x Rain 9 196.72 2 1 . 8 6 1.81 N.S.
Block x Soil x Fungus 26 367.05 14.12 1.17 N.S.
Block x Rain x Fungus 9 101.67 11.30 0.94 N.S.
Soil x Rain x Fungus 9 249.50 27.72 2.3 *
Block x Soil x Rain x 
Fungus
24 ’ 379.39 15.81 i:3 N.S.
Residual 506 6100.26 •12.06
Total 629 34450.49 54.77
Root (cm)
Source d.f. S.S. M.S. F ratio Significance
Block 3 1146.64 382.21 6.09 * * *
Soil 3 32068.02 10689.34 170.39 A A A
Rain 1 128.11 128.11 2.04 N.S.
Fungus 3 26.62 8.87 0.14 N.S.
Block x Soil 9 1793.54 199.28 3.18 A A A
Block x Rain 3 137.19 45.73 0.73 N.S.
Block x Fungus 9 1327.03 147.45 2.35 A
Soil x Rain 3 293.25 97.75 1.56 N.S.
Soil x Fungus 9 3715.91 412.88 6.58 A A A
Rain x Fungus 3 317.68 105.89 1.69 N.S.
Block x Soil x Rain 9 2681.60 297.96 4.75 A A A
Block x Soil x Fungus 26 3844.69 147.87 2.36 A A A
Block x Rain x Fungus 9 1586.64 176.29 2.81 A A
Soil x Rain x Fungus 9 319.77 35.53 0.57 N.S.
Block x Soil x Rain x 
Fungus
24 2970.53 123.77 1.97 A A
Residual 506 31743.99 62.74
Total 629 84674.81 134.62
Dry Shoot (gir.)
Source d.f. S.S. M.S. F ratio Significance
Block 3 0.24 0.079 .2.09 N.S.
Soil 3 49.75 16.58 441.18 * * *
Rain 1 0.35 0.35 9.19 * *
Fungus 3 0.75 0.25 6.61 * *
Block x Soil 9 0.40 0.05 1.19 N.S.
Block x Rain 3 0.074 0.03 0 . 6 6 N.S.
Block x Fungus 9 0.56 0.06 1.64 N.S.
Soil x Rain 3 0.25 0.08 2 . 2 1 N.S.
Soil x Fungus 9 0 . 8 6 0 . 1 0 2.54 *
Rain x Fungus 3 0.54 0.18 4.78 * *
Block x Soil x Rain 9 0.48 0.05 1.41 N.S.
Block x Soil x Fungus 26 2 . 1 2 0.08. 2.17 *
Block x Rain x Fungus 9 0.50 0.06 1.46 N.S.
Soil x Rain x Fungus 9 0.40 0.04 1.18 N.S.
Residual
Total
24
123
0.90
57.98
0.038
0.47
Dry Root (gm)
Source d.f. S.S. 'M.S. F ratio Significance
Block 3 0.18 0.06 2.38 N.S.
Soil 3 15.97 5.32 212.74 * * *
Rain 1 0.015 0.015 0.60 N.S.
Fungus 3 0.15 0.049 1.97 N.S.
Block x Soil 9 0.57 0.063 2.53 *
Block x Rain 3 0.23 0.077 3.06 *
Block x Fungus 9 0.39 0.044 1.75 N.S.
Soil x Rain 3- 0.23 0.076 3.04 * •
Soil x Fungus 9 0 . 6 8 0.076 3.04 *
Rain x Fungus 3 0.14 0.046 1.85 N.S.
Block x Soil x Rain 9 0.42 0.046 1 . 8 6 N.S.
Block x Soil x Fungus 26 1.36 0.052 2.09 *
Block x Rain x Fungus 9 0 . 1 1 0 . 0 1 2 0.48 N.S.
Soil x Rain x Fungus 9 0 . 1 1 0 . 0 1 2 0.48 N.S.
Residual
Total
24
123
0.025
0.17
APPENDIX IX
P
5Z RP
Analysis of Variance tables for shoot height, root length, root and 
shoot dry weight measurements in the pot experiment final harvesting. 
Three sources of variation analysed (after Clarke, 1969).
Shoot Height (cm)
Source d.f. S.S. M.S. F ratio Significance
Soil 3 25186.37 8395.46 686.38 * * *
Rain 1 188.10 188.10 15.38 * * *
Fungus 3 . 281.15 93.72 7.66 * * *
Soil x Rain 3 191.06 63.69 5.21 * * *
Soil x Fungus 9 497.41 55.27 4.52 * * *
Rain x Fungus 3 150.26 50.09 4.10 * *
Soil x Rain x Fungus 9 222.42 24.71 2 . 0 2 *
Residual 598 7314.43 12.23
Total 629 34450.49 54.77
P 2 3 4 5 6 7 8 9 10 12 14
5Z RP 4.85 5.10 5.28 5.40 5.50 5.58 5.65 5.71 5.76 4.85 5.91
16 18 20 22 24 26 28 30 32
5.97 6.02 6.06 6.10 6.13 6.16 6.18 6.21 6.23
Root length (cm)
Source d.f. S.S. M.S. F ratio Significance
Soil 3 32295.62 10765.21 135.02 * * *
Rain ■* 1 1 2 1 . 1 2 1 2 1 . 1 2 1.52 N.S.
Fungus 3 21.59 7.20 0.09 N.S.
Soil x Rain 3 337.80 112.60 1.41 N.S.
Soil x Fungus 9 3320.52 368.95 4.63 * * *
Rain x Fungus 3 350.90 116.97 1.47 N.S.
Soil x Rain x Fungus 9 420.98 46.78 0.59 N.S.
Residual 598 47680.74 79.73
Total 629 84674.81 134.62
2 3 4 5 6 7 8 9 10 12 14
12.38 13.03 13.47 13.79 14.05 14.26 14.43 14.58 14.71 14.93 15.10
18 20 22 24 26 28 30 32
15.37 15.47 15.56 15.65 15.72 15.79 15.85 15.90
APPENDIX IX (Continued)
Dry Shoot (gm)
Source d.f. S.S. M.S. F ratio Significance
Soil 3 49.92 16.64 298.37 * * *
Rain 1 0.35 0.35 6.3 *
Fungus 3 0.80 0.27 4.80 * *
Soil x Rain 3 0.24 0.078 1.40 N.S.
Soil x Fungus 9 1.06 0.12 2.12 *
Rain x Fungus 3 0.58 0.19 3.44 ★
Soil x Rain x Fungus 9 ' 0.61 0.068 1.22 N.S.
Residual 92 5.13 0.056
Total 123 57.977 0.471
P 2 3 4 5 6 7 8 9 10 12 14
51 RP 0.33 0.35 .0.36 0.37 0.38 0.38 0.39 0^39 0.39 0.40 0.40
16 18 20 22 24 26 28 30 32
0.40 0.41 0.41 0.41 0.41 0.41 0.42 0.42 0.42
Dry Root (gm)
Source d.f. S.S. M.S. F.ratio Significance
Soil 3 15.97 5.32 128.74 * * *
Rain 1 0.014 0.014 0.33 N.S.
Fungus 3 0.15 0.05 1.20 N.S.
Soil x Rain 3 0.23 0.076 1.84 N.S.
Soil x Fungus 9 0.66 0.073 1.78 N.S.
Rain x Fungus 3 0.17 0.055 1.34 N.S.
Soil x Rain x Fungus 9 0.19 0.021 0.51 N.S.
Residual 92 3.80 0.Q41
Total 123 21.03 0.17
P 2 3 4 5 6 7 8 9 10 12 14
5Z RP 0.28 0.30 0.31 0.32 0.32 0.33 0.33 0.33 0.34 0.34 0.34
16 18 20 22 24 26 28 30 .32
0.34 0.35 0.35 0.35 0.35 0.35 0.36 0.36 0.36
Appendix IX (continued)
Two-way tables of means for treatments listed in Analysis of 
Variance tables (pp 298-299) - shoot height and shoot dry weight 
data only.
Shoot height data
p = 5% 1% 0.1%
* ** ***
Least significant difference ^ 5 9 3 ) 2 . 1 9  2.87 3.67
A. SOIL x RAIN
SOIL RAIN
ACID NON-ACID
RENDZINA 3.43 3.39
SURFACE WATER GLEY 20.70 21 .09
PEATY GLEY 
PEATY IRONPAN
10.02“)— * —  
N.S.
10.39J- * —
12.29-j
N.S.
12.76-1
All inter-soil comparisons are significant at the 0.1% level except 
where indicated.
Comparisons of acid and non-acid treatment means for each soil are non 
significant except where indicated.
SOIL x FUNGUS
SOIL + FUNGUS - FUNGUS
RENDZINA 3.41 3.40
SURFACE WATER GLEY 21.09 20.38
PEATY GLEY 11.56-| 9 .68-j
N.S. N.S.
PEATY IRONPAN 11.94J 9.75J
B. SOIL X FUNGUS (continued)
For the individual fungi
SOIL + Laccaria CONTROL
laccata
Rendzina 3.43 3.4
Surface water gley 22.32 20.38
Peaty gley 9.97 9.68
Peaty ironpan 9.50 9.75
SOIL + Isolate CONTROL
{The Iephora terrestris)
Rendzina 3.42 3.4
Surface water gley 20.72 20.38
Peaty gley 12.79 ---------- _ ** -  9.68
Peaty ironpan 14.23 --------- — 9.75
SOIL + Isolate F.4 CONTROL
Rendzina 3.39 3.40
Surface water gley 20.42 20.38
Peaty gley 11.77 9.68
Peaty ironpan 12.18 ------- * 9.75
In all the above tables, all inter-soil comparisons are significant 
at the 0.1% level except between the peaty gley and peaty ironpan 
soils where there is no significant difference between means.
Comparisons between fungus and control treatment means 
for each soil are non significant unless otherwise indicated.
C. RAIN x FUNGUS
RAIN + FUNGUS - FUNGUS
ACID 11.29 -------------  * ---------—  8.75
NON-ACID 12.07 10.71
the individual fungi:-
RAIN + Laocaria 
taccata
CONTROL
Acid 10.49 8.75
Non-acid 11.18 10.71
RAIN + Isolate
(Thelephora terrestris)
CONTROL
Acid 11.88 -------- * *  ------------ 8.75
Non-acid 11.62 10.71
RAIN + Isolate F4 CONTROL
Acid 11.58 — * -------  8.75
Non-acid 13.10 — * ------- 10.71
In all the above tables, all comparisons of means are non-significant 
unless otherwise indicated.
Shoot dry weight data
p = 5% 0 . 1 %
Least significant difference t(92)
** ***
0.34 0.45 0.57
A. SOIL x RAIN
SOIL RAIN
ACID NON-ACID
RENDZINA 0.023 0.027
SURFACE WATER GLEY 1.71 1.76
PEATY GLEY 
PEATY IRONPAN
0.39—j 
N.S.
0.50 J
0.57-j
N.S.
0.68J
All inter-soil comparisons are significant at the 0.1% level except 
where indicated.
Comparisons of acid and non-acid treatment means for each soil are 
non-significant.
B. SOIL x FUNGUS
SOIL + FUNGUS - FUNGUS
RENDZINA
SURFACE WATER GLEY 
PEATY GLEY 
PEATY IRONPAN
0.024n 
1.70
0.50 zj
N.S, 
0.62 -1
0.026i
1.83 
*
0.41 J 
0.52 -
N.S.
**
B. SOIL x FUNGUS tcontmuecu
For individual fungi:-
SOIL
Rendzina
Surface water gley 
Peaty gley 
Peaty ironpan
SOIL
Rendzina
Surface water gley 
Peaty gley 
Peaty ironpan
SOIL
Rendzina
Surface water gley 
Peaty gley 
Peaty ironpan
+ Lacearia 
laccata ■
0 .023«|
1.76 N.S.
0 .35zj
N.S.
0.50 J
+ Isolate B12
(Thelephora terrestris)
0.025
2.05
0 .62-,
N.S.
0 .76-1
+ Isolate F
0 .024-
1
1.49 **
0 .53={ ** 
N.S.
0.57 -J
CONTROL
0.026i
1.83
* * *
0.41=J
N.S.
0.52-1
CONTROL
0.026-j
1.83 *
**
0.41 c 
N.S.
0.52 J
CONTROL
0.0267-j 
1.83 *
J
0.41 — j *+ 
N.S.
0.52 -_J
In the above tables, all the inter-soil comparisons are significant 
at the 0.1% level unless otherwise indicated.
Comparisons between fungus and control means are non-significant 
unless otherwise indicated.
C. RAIN x FUNGUS
RAIN + FUNGUS - FUNGUS
ACID 0.67 0.55
NON-ACID 0.74 0.84
RAIN x FUNGUS (continued)
individual fungi:-
RAIN + Laooaria 
lacoata
CONTROL
Acid 0.64 0.55
Non-acid 0.69 0.84
RAIN + Isolate B ^ 2 CONTROL
(Thelephora terrestris)
Acid 0.74 0.55
Non-acid 0.75 0.84
RAIN + Isolate F.4 CONTROL
Acid 0.63 0.55
Non-acid 0.77 0.84
All comparisons of means are non-significant.
Appendix X 
Tabulated data for Figures 38 and 39
Results from the final harvesting of the greenhouse pot experiment 
Mean measurements (i standard deviations) of seedling shoot height , 
root length and shoot and root dry weights for the 32 experimental treatments
(a) Shoot height (cm) (b) Root length (cm)
Soila Fungus^ Raine Mean i S.D.
Kenxina IX Acid 3.41 t 0.44
®12 • 3.32 ± 0.51
F, 3.47 ± 0.47
c \ 3.48 ± 0.56
LL Control 3.45 ± 0.38
B12 3.48 ± 0.56
F 4 3.32 ± 0.35
C 3.33 ± 0.39
Surface IX Acid 22.81 ± 6.38
vater b12 22.57 ± 6.08
gley Fi 19.38 t 5.14
c 19.71 i 3.54
IX Control 21.91 ± 5.33
®12 19.61 ± 5.81
F. 21.39 ± 5.78
c * 21.02 t 4.86
Peaty IX Acid 8.68 t 3.96
Rley ®12 13.14 ± 3.90
n 9.69 ± 2.97
c 7.69 t 3.45
LL Control 11.26 ± 2.87
B12 12.33 ± 3.96
FJ 13.64 ± 2.99
c 11.67 ± 3.30
Peaty LL Acid 9.74 ± 3.53
iron ®12 .13.13 ± 2.60
pan F4 11.23 ± 3.44
c 7.93 ± 2.61
LL Control 9.06 ± 3.03
b12 15.40 ± 3.88
f4 13.09 t 4.06
C 12.47 ± 3.69
(c) Shoot dry weight (g)
Soila Fungus^1 RainP Mean ♦ S.D.
Renzina LL Acid 0.022 ± 0.0019
B12 0.023 ± 0.011
F. ■0.021 ± 0.0038
c* 0.025 ± 0.016
LL Control 0.025 ± 0.0069
®12 0.027 ± 0.0074
F4 0.027 ± 0.0041
C 0.027 ± 0.0049
Surface LL Acid 1.76 ♦ 0.49
vater b12 2.46 ± 0.97
gley f4 1.40 ± 0.28
C 1.67 ± 0.22
XL Control 1.75 ± 0.12
b12 1.76 i 0.48
f 4 1.58 ± 0.36
C 1.98 ± 0.35
Peaty LL Acid 0.29 ± 0.14
gley ®12 0.60 i 0.31
F4 0.40 ± 0.11
C 0.25 ± 0.23
LL Control 0.41 ± 0.097
b12 0.64 ± 0.16
N *4 0.66 ± 0.13
C 0.58 ± 0.064
Peaty LL • Acid 0.49 ± 0.12
iron b12 0.72 1 0.14
pan F4 0.51 ± 0.080
C 0.27 ± 0.079
LL Control 0.51 ± 0.13
®12 0.81 ± 0.34
f 4 0.63 i 0.19
0.76 1 0.79
C
Soila Fungus^ Rain^ Mean * S.D.
Renzina LL Acid 15 14 3 54
b12 14 49 4 12
f4 13 71 4 20
C 10 78 6 95
LL Control 14 64 2 97
®12 15 91 5 47
f4 15 39 5 19
C 14 94 4 21
Surface LL Acid 35 31 7 68
vater ®12 38 99 15 10
gley f4 27 96 15 69
C 37 03 12 94
LL Control 31 31 14 34
b12 32 32 10 75
F a 28 60 12 99
C 3® 14 9 71
Peaty LL Acid 22 84 6 74
gley ®12 23 06 7 36
f4 24 33 7 05
C 22.42 6 94
LL Control 23 68 6 25
B12 25 82 10.78
f4 25 .51 7 .45
C 26 .07 6.27
Peaty LL Acid 26 54 8 38
iron ®12 27 56 10 10
pan f4 32 41 12.20
C 26 99 7.10
LL Control 29 .45 13 .80
B12 23 .36 8.84
f 4 32 48 8.91
C 28 .21 7 .43
.(d) Root dry weight (g)
Soila Fungus^ Rain° Mean ± S.D.
Renzina LL Acid 0.020 i 0.0037
b12 0.018 ± 0.0054
f4 0.016 0.0065
C 0.017 0.0038
LL Control 0.020 0.0033
®12 0.021 0.0073
F 0.021 0.0010
C* 0.018 0.0047
Surface .LL Acid 1.19 0.39
vater ' ®12 1.33 0.35
gley F4 0.81 0.40
C 1.08 0.12
LL Control 0.91 0.49
®12 0.92 0.16
f 4 0.82
0.48
C 1.17 0.32
Peaty LL Acid 0.21 0.055
gley b12 0.38 0.13
f4 0.30 0.071
C 0.16 0.16
LL Control 0.28 0.047
®12 0.42 0.18
f4 0.44 0.082
C 0.28 0.09
Peaty LL Acid 0.33 0.070
iron b12 0.43 0.13
pan ' F4 •
0.39 0.072
C* 0.20 0.067
LL Control 0.33 0.055
b12 0.49 0.10
f4 0.45 0.13
C 0.44 0.18
I see text for experimental details
c J
APPENDIX XI
Greenhouse pot experiment - full soil analysis soil moisture
and loss - on ignition 
Figures are expressed as a percentage of the soil oven dry weight
Soil Type Fungus Rain
Moisture
(%)
105OC
Loss on Ignition (%)
450°C 850°C
6.90 29.64 38.03
Renzina LL Acid 7.74 23.98 27.53
B12 5.64 27.11 40.06
F a 7.15 27.67 . 39.61
c 5.11 26.34 39.89
LL Control 7.35 24.68 28.02
B12 5.91 27.09 40.10
7.02 27.86 39.66
c 5.71 25.88 39.69
_ 4.27 30.16 30.88
Surface LL Acid 5.12 31.82 32.97
Water B12 3.72 27.78 29.28
Gley f4 4.87 30.56 31.77
C 4.73 30.32 31.89
LL Control - - -
b12 3.33 29.63 31.29
f4 4.72 30.02 31.22*“T
c 4.29 31.32 32.89
— 8.69 67.74 68.40
Peaty LL Acid 9.74 62.21 62.94
Gley b12 9.19 67.22 68.47
f4 9.02 65.15 65.97*■+
C 6.60 66.80 68.19
LL Control 9.74 64.11 64.82
b12 9.47 67.39 66.66
f A 8.49 64.01 65.11
c 7.78 68.74 69.68
_ 7.47 50.84 51.63
Peaty LL Acid 7.46 48.34 49.49
Iron Pan ' b12 4.51 30.46 32.23
f a
7.31 50.11 51.44
c 6.39 52.87 54.20
LL Control 9.01 51.44 52.65
b12 8.43 47.96 49.35
F. 7.33 51.13 52.49
c4 7.51 53.21 54.57
APPENDIX XI (Continued)
Soil Nitrogen Content (ammonia- and nitrate-nitrogen),
Cation Exchange Capacity and Exchangeable
Acidity
Ammonia- and nitrate-nitrogen figures are expressed in p.p.m. 
Exchangeable acidity figures are expressed as meq/lOOg oven dried soils
Soil Type Fungus Rain
Nitrogen Content
C.E.C.
Exchangeable 
Acidity (EA)
n h 4-n
ppm
N03-N
ppm
Al3+ H+ I
Renzina -  • - 15.17 <0.05 52.1 0 0.1 0.1
LL Acid 0.37 <0.05 47.9 0 0 0.05
b12 1.07 4.1 55.9 0 0 0
f4 0.85 7.8 56.4 0 0 0.04
C ' 0.95 4.6 57.1 0 0.05 0.05
LL Control 0.44 0.16 52.6 0 0 0
B12 0.81 4.2 59.2 0 0 0
F4 l.01 4.3 56.8 0 0 0
cq 0.47 6.0 57.6 0 0.02 0.02
Surface - - 6.63 O.ll 41.2 4.2 1.7 5.9
Water LL Acid 0.81 <0.05 46.1 6.64 l.l 8.48
Gley B12 1.12 <0.05 41.5 . 6.24 1.79 8.03
f4 2.70 <0.05 43.1 5.73 1.74 7.48
C 0.45 <0.05 41.5 5.12 2.48 7.60
LL Control 2.80 <0.05 _ — - _
B12 1.58 <0.05 42.8 8.25 1.86 7.11
f4 1.54 <0.05 43.9 5.65 1.57 7.22
C 0.73 <0.05 41.7 4.22 2.17 6.39
Peaty - - 5.17 <0.05 89.8 10.6 0.78 11.40
Gley LL Acid 0.86 <0.05 82.8 9.68 3.82 13.51
b12 1.08 <0.05 91.7 9.44 3.48 12.92
F4 l.91 <0.05 93.3 9.35 3.59 12.90
C 2.70 <0.05 92.6 9.59 3.66 13.25
LL Control 0.55 <0.05 84.4 8.99 3.14 12.13
B12 2.25 <0.05 93.3 8.83 3.38 12.28
F4 2.55 <0.05 96.4 7.90 3.09 10.99
C 0.86 <0.05 89.8 7.58 4.23 11.81
Peaty - - 3.60 <0.05 70.5 7.70 2.9 10.6
Iron Pan LL Acid 1.77 <0.05 70.6 3.90 13.1 17.0
B12 1.64 <0.05 45.2 5.46 1.87 7.33
f4 1.30 0.07 70.4 11.40 1.4 12.8
C 1.25 <0.05 63.0 11.62 2.98 14.6
LL Control 1.68 <0.05 58.1 5.69 0.28 5.97
B12 — <0.05 56.4 6.30 0.41 6.71
f4 2.00 <0.05 67.0 12.0 1.8 13.8
C 0.59 <0.05 60.8 12.09 2.87 14.96
APPENDIX XI (Continued)
Soil Extractable Cations and Base Saturation Figures
Extractable cations are expressed as mg/lOOg=oven dried soil
E E C
Base saturation is calculated as - - - • ■ x 100%
L • 1j • L •
'1 Type Fungus Rain
Extractable Cations (EC)
Na K Ca Mg Mn Fe
Base 
Saturation 
(%)
nzina
LL
B12
F4
C
LL
B12
f4
C
Acid
Control
1.20
0.11
0.22
0.11
0.16
0.11
0.21
0.15
0.18
0.06
0.42
0.57
0.46
0.48
0.40
0.53
0.57
0.46
85.4
87.0
103.0
90.0
100.0
90.0 
101.0
94.0
98.0
3.74
2.2
1.6
3.3
3.1 
2.0 
3.0 
3.5
3.2
0.08
0.07
0.03
0.01
0.03
0.05
0.03
0.01
0.03
0.24 
0.08 
0.13 
0
0.08
0.32
0.10
0.54
0.08
90.48
89.8
105.42
93.88
103.77 
92.56
104.77 
98.23
101.87
173.67 
187.47 
188.59 
166.45 
181.73
175.97
176.98 
172.94 
176.86
rface
ter
ey
LL
B12
F4
C
LL
B12
F,
Acid
Control
0.18
0.10
0.15
0.09
0.16
0.22
0.15
0.17
0.47
0.13
0.36
0.21
0.31
0.46
0.37
0.33
4.44
3.3
3.4
3.0 
3.2
4.0
3.1 
3.9
0.75
1.3
1.8
2.0
1.6
1.8
1.8
1.7
0.35
0.16
0.13
0.16
0.14
0.22
0.18
0.20
3.35
2.6
3.4
2.1
2.6
2.8
1.1
2.6
6.19
4.99
5.84
5.46
4.94
6.70
5.60
6.30
15.02
10.82
14.07
12.67
11.90
16.15
12.76
15.11
aty
ey LL
b12
b4
C
LL
b12
Acid
Control
0.58
0.18
0.22
0.14
0.20
0.19
0.28
0.30
0.27
0.47
0.26
0.40
0.28
0.38
0.25
0.38
0.33
0.45
2.48
2.8
6.4 
2.1 
1.9 
3.2
3.5
3.4
3.4
1.61
3.1
3.1 
3.9
3.1 
3.0 
3.8
4.5
4.6
0.04
0.02
0.03
<0.01
0.02
0.03
0.03
0.02
0.02
5.0 
3.8
4.1 
3.3 
2.7
3.6
3.1 
3.0
2.7
5.18 
6.36 
10.15 
6.42 
5.60 
6.67 
7.99 
8.55 
6.74
5.77
7.68
11.07
6.88
6.05
7.90
8.56
8.87
7.51
aty
on Pan LL
B12
V
LL
b12
f4
C
Acid
Control
0.'68
0.09
0.19
0.13
0.13
0.19
0.23
0.23
0.27
0.27
0.15
0.30
0.28
0.31
0.25
0.33
0.31
0.28
0.94
0.76
4.5
3.2 
0.81 
1.7
6 . 6
1.2 
1.0
1.15
1.4
1.6
3.0
1.3 
2.7
3.1
3.3 
2.0
0.01
<0.01
0.2
0.01
0
0.01
0.02
<0.01
0.1
1.62
1.6
2.4
1.3 
1.1
1.4 
1.3 
1.6 
0.9
3.05
2.4 
6.79 
6.62 
2.55 
4.85
10.28
5.04 
3.65
4.33
3.40 
15.02
9.40 
4.05 
8.35
18.23
7.52
6.00
APPENDIX XII
Analysis of mini-lysimeter leachates with respect to time
Sodium, potassium, calcium, magnesium, iron, aluminium, 
manganese, sulphate, chloride, nitrate and ammonium ions were 
analysed by atomic adsorption spectrometry
Results are expressed in p.p.m. (mg 1
Sodium (Na+)
Nv Watering 
N. Regime
Days N.
Soil Type
Renzina Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Acid Control Acid Control Acid Control Acid Control
24 81 55 10 8.7 19.1 17.5 17 12
66 46.7 44.8 5 4.2 11.8 8.5 19.5 10
81 30.8 31.3 3.8 2.7 7.7 4.3 11.4 6.4
102 18.0 18.0 2.6 2.2 4.3 3.1 5.3 4.0
123 13.5 14.0 3.0 2.3 3.8 3.1 4.4 3.1
151 9.3 8.8 2.9 2.2 3.7 2.9 3.6 3.8
179 6.4 5.5 • 1.8 3.0 2.9 2.1 3.3 2.7
264 5.2 4.2 2.3 2.0 2.6 2.0 2.4 2.2
290 3.7 3.4 ~ 2.1 1.8 3.0 1.9 2.6 2.0
347 3.5 2.9 1.7 1.6 2.3 2.3 2.3 2.1
Potassium (K+)
N. Watering 
n. Regime
Soil Type
Reiizina
Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Days Acid Control Acid Control Acid Control Acid Control
24 4.7 3.7 15.1 13.4 12.8 7.9 10.0 7.9
49 5.9 5.4 18.1 13.8 14.3 13.2 - 7.5
66 7.6 5.9 11.2 9.4 9.2 5.0 9.2 5.0
81 5.1 4.9 8.5 5.8 6.6 3.4 6.0 3.4
102 3.0 2.8 5.1 3.8 3.8 2.0 3.0 2.0
123 3.1 2.3 5.2 3.4 2.6 1.4 2.5 1.4
151 2.1 1.7 1.9 1.3 1.1 1.4 1.5 1.4
179 1.2 0.8 1.7 1.0 0.8 0.4 1.6 0.4
264 1.5 1.1 2.4 1.9 1.2 0.7 1.0 0.7
347 1.1 0.7 1.6 1.5 0.9 0.4 0.8 0.4
APPENDIX XII (Continued)
2+
Calcium (Ca )
N. Watering 
n. Regime
Days N. •
Soil Type
Renzina
Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Acid Control Acid Control Acid Control Acid Control
24 590 400 33.9 27.0 27.6 15.6 15.8 19.2
66 290 400 8.8 6.5 11.7 5.8 8.9 5.3
81 229 265 13.6 5.8 14.6 4.3 10.4 2.8
102 200 . 175 8.3 4.6 8.7 3.0 4.6 2.5
151 112 80 10.3 2.9 7.7 2.2 5.7 5.6
179 94 55 8.1 3.3 6.8 1.4 6.5 1.3
264 88 50 11.4 3.0 8.8 1.3 6.8 1.7
290 82 44 8.6 2.6 10.9 1.6 7.5 1.4
334 96 36 8.6 4.0 10.3 1.2 9.6 2.1
347 82 41 7.0 2.8 8.4 2.1 7.7 1.5
Magnesium (Mg )
Watering 
n. Regime
Soil Type
Renzina
Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Days x. Acid Control Acid Control Acid Control Acid Control
24 34.5 23 5.0 3.8 8.9 7.0 10.9 9.2
66 18.1 19.8 2.5 1.4 7.4 4.7 8.2 3.2
81 11.7 12.5 1.5 0.8 3.9 1.5 4.3 1.5
102 8.8 7.1 1.0 0.5 2.5 1.0 2.0 0.8
151 6.3 4.3 1.4 0.4 2.6 0.8 2.4 0.9
179 5.7 2.9 1.3 0.4 1.9 0.5 2.2 0.6
264 5.5 2.2 0.7 0.4 2.4 0.5 2.2 0.2
290 3.4 2.0 , 1.1 0.4 2.6 • 0.5 2.1 0.4
334 3.5 1.6 1.1 0.5 2.4 0.4 2.4 0.4
347 4.3 1.9 1.0 0.4 2.4 0.7 9.9 2.2
APPENDIX XII (Continued)
, 3+v
Iron (Fe )
x. Watering 
Xv Regime
Days
Soil Type
Renzina Surface Water 
Glej*
Peaty Gley
Peaty Iron 
Pan
Acid Control Acid Control Acid Control Acid Control
24 0.1 0.1 2.6 2.1 2.1 2.9 0.4 0.3
66 0.03 0.18 1.3 2.2 2.1 2.6 18.0 0.8
81 0.11 0.16 2.7 2.9 2.0 2.0 7.4 1.2
95 0 0 4.7 4.1 2.3 2.3 2.3 0.1
109 0 0 2.8 4.4 5.1 2.9 1.2 0.8
151 0 0 2.1 1.5 3.0 2.1 0.2 0.2
179 0 0 2.0 2.4 2.2 1.3 0.9 0.6 .
264 0.06 0.06 0.9 2.6 1.3 1.1 0.3 0.3
290 0.16 0.08 0.6 2.4 1.1 1.1 0.3 0.2
347 0 0 0.4 2.6 0.7 1.2 0.3 0.2
Aluminium (Al^+)
x. Watering 
x. Regime
Soil Type
Renzina
Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Days x. Acid Control Acid Control Acid Control Acid Control
24 0 0 2.7 2.7 2.0 2.7 3.9 3.3
66 0 0 1.3 1.9 1.5 1.6 3.6 1.8
81 0 0 1.0 1.4 1.4 1.0 2.2 1.2
102 0.4 0 1.2 1.6 2.3 1.2 - 1.1
123 0 0.6 1.4 0.9 1.0 1.0 0.9 1.2
151 0.9 0.3 1.1 1.3 1.3 1.4 1.0 1.2
179 0 0 0.7 1.0 0.6 0.5 0.8 0.9
264 0 0 0.7 1.2 0.5 0.8 0.5 0.4
290 0 0 - 0.9 0.9 0.3 1.3 -
347 0 0 0.5 1.2 0.6 0.9 1.2 0.6
APPENDIX XII (Continued)
Manganese (Mn )
Watering 
n. Regime
Days N.
Soil Type
Renzina Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Acid Control Acid Control Acid Control Acid Control
24 0.1 0.06 5.2 3.8 0.5 0.4 0.3 0.2
66 0.4 0.6 2.5 1.7 0.4 0.3 0.2 0.08
81 ■ 1.3 0.7 4.8 2.2 0.6 0.2 0.2 0.04
102 0.4 0.1 1.2 0.6 0.2 0.1 0.05 0
123 0.5 0 1.5 0.5 0.09 0.03 0.03 0
151 1.0 0.07 1.5 0.4 0.2 0.04 0.07 0.07
179 0.8 0 1.4 0.5 0.1 0 0.2 0
264 0.3 0.07 1.4 0.4 0.2 0.04 0.3 0
290 0.03 0 1.1 0.3 0.2 0.04 0.07 0
347 0.07 0 1.0 0.3 0.2 0.1 0.1 0
Chloride (Cl )
n. Watering 
N. Regime
Soil Type
Renzina Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Days Acid Control Acid Control Acid Control Acid Control
66 36.8 122.3 18.2 23.9 37.0 25.9 — —
88 18.7 18.6 15.9 21.9 20.4 18.0 18.8 16.8
102 15.9 15.4 10.2 18.0 13.8 12.2 9.8 12.5
109 19.3 17.8 17.4 22.5 21.3 18.7 15.2 16.9
130 10.1 9.4 11.8 17.4 15.6 13.1 12.2 12.8
151 7.4 6.5 7.4 7.7 8.2 8.8 6.2 10.7
214 7.7 6.8 7.6 11.6 6.6 7.2 5.5 6.8
241 5.4 4.9 4.9 7.3 5.3 6.0 4.4 5.2
283 5.8 6.0 5.0 9.6 6.6 7.8 5.5 6.1
319 6.7 5.6 5.7 13.7 7.2 7.7 6.5 5.6
334 5.9 4.6 4.5 9.4 5.7 5.6 5.2 4.8
347 7.4 6.1 5.1 10.4 7.3 9.0 6.0 5.4
APPENDIX XII (Continued)
Ammonium (NH^+)
N. Watering 
n . Regime
Soil Type
*
Renzina
Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Days Acid Control Acid Control Acid Control Acid Control
21 - - 31.0 27.8 40.0 44.0 37.8 31.4
88 0.8 <* 25.0 19.0 34.9 20.6 23.2 13.2
116 < < 16.3 14.8 20.9 17.0 14.1 7.1
137 < 0.2 18.8 13.2 17.4 10.0 13.8 5.5
160 0.1 0.2 17.8 11.6 16.9 8.0 7.1 6.0
174 0.6 1.7 15.9 10.2 13.9 7.8 6.0 4.3
214 0.4 0.2 14.9 10.7 11.9 7.2 4.7 3.6
251 < < 15.6 9.9 15.0 8.6 5.1 3.2
283 0.05 - 10.6 8.0 12.1 5.7 3.7 1.7
305 0.4 0.17 9.0 7.0 10.6 4.3 4.3 0.9
321 0.08 < 9.3 7.2 10.7 3.4 4.3 1.7
347 0.16 < 8.6 7.4 9.5 6.5 4.2 1.9
* < = less than 0.05 p.p.m.
Sulphate (S0^2 )
n . Watering 
n. Regime
Soil Type
Renzina
Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Days n. Acid Control Acid Control Acid Control Acid Control
66 — 317 154 80 - 155 - -
95 116.2 105.2 84.8 37.6 102.8 54.4 81.2 37.6
109 112.0 66.0 77.6 33.0 95.4 47.0 80.0 29.2
146 78.4 68.8 68.0 32.0 73.6 40.0 57.6 32.0
174 63.2 42.4 68.0 24.8 66.4 23.2 53.6 12.8
214 67.2 32.8 75.2 24.8 66.4 20.0 60.8 13.6
236 96.0 39.2 98.0 23.6 101.0 19.2 74.4 14.2
264 61.0 23.0 45.0 15.5 60.0 12.5 56.0 7.8
293 60.0 21.5 43.0 11.5 73.0 15.5 - -
319 65.0 10.0 61.0 12.0 63.0 8.5 61.0 5.6
326 80.0 13.0 67.0 14.0 78.0 10.5 66.0 6.0
347 70.0 12.8 54.0 11.0 60.0 8.2 54.0 5.7
APPENDIX XII (Continued)
Nitrate (NO^ )
Watering 
n. Regime
Soil Type
Renzina
Surface Water 
Gley
Peaty Gley
Peaty Iron 
Pan
Days n. Acid Control Acid Control Acid Control Acid Control
21
__ — 4.1 2.7 0.6 0.5 0.5 0.6
88 50 115 0.9 0.73 0.65 0.92 0.32 1.11
102 56.6 172 - - 0.7 0.66 0.44 0.78
116 21.4 43.8 0.78 0.70 0.48 0.63 0.58 0.65
137 11.4 31.2 0.68 0.61 0.41 0.53 0.18 0.29
151 16.6 21.1 0.64 0.53 0.26 0.33 0.26 0.69
174 4.8 8.4 0.52 0.34 0.29 0.38 0.32 0.38
220 2.1 6.3 0.17 0.17 0.15 0.26 0.13 0.24
241 5.2 7.6 0.30 0.19 0.21 0.31 0.23 0.34
283 9.5 6.6 0.43 0.34 0.41 0.51 0.42 0.47
319 7.5 3.6 0.29 0.10 0.18 0.30 0.13 0.36
347 10.6 7.0 0.31 0.06 0.18 0.27 0.23 0.35
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ERRATUM
The word renzina should be read as rendzina throughout this thesis.
